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Measuring Photometric Properties Of Sdss And Manga Galaxies
Abstract
A number of recent estimates of the total luminosities of galaxies in the SDSS are significantly larger than
those reported by the Sloan Digital Sky Survey (SDSS) pipeline. This is because of a combination of three
effects: one is simply a matter of defining the scale out to which one integrates the fit when defining the
total luminosity, and amounts on average to <= 0.1 mag even for the most luminous galaxies. The other
two are less trivial and tend to be larger; they are due to differences in how the background sky is
estimated and what model is fit to the surface brightness profile. Using the SDSS sky biases luminosities
by more than a few tenths of a magnitude for objects with half-light radii >= 7 arcsec. In the SDSS main
galaxy sample, these are typically luminous galaxies, so they are not necessarily nearby. It is shown that
PyMorph fits of Meert et al. 2015 to DR7 data remain valid for DR9 images. These findings show that,
especially at large luminosities, PyMorph estimates should be preferred to the SDSS pipeline values as
they provide a better fit to the surface brightness profiles of galaxies.
It is natural to wonder if the difference between PyMorph and SDSS is due to intracluster light (ICL). The
effect of PyMorph reductions vs SDSS can be compared to the full sample as in small group
environments, and for satellites in the most massive clusters as well to show that the effect is the same.
None of these are expected to be significantly affected by ICL. The only additional effect for centrals is
found in the most massive haloes, but it is argued that even this is not dominated by ICL. Hence, for the
vast majority of galaxies, the differences between PyMorph and SDSS pipeline photometry cannot be
ascribed to the semantics of whether or not one includes the ICL when describing the stellar mass of
massive galaxies.
After checking that PyMorph sky estimates should still be used over SDSS pipeline values, it was found
prudent to create the catalog MaNGA PyMorph Photometric Value Added Catalog (MPP-VAC) for the
SDSS-IV MaNGA survey galaxies. The MPP-VAC provides photometric parameters obtained from Sersic
and Sersic+Exponential fits from PyMorph for the MaNGA DR15 galaxy sample. Moving forward from the
initial PyMorph comparisons of this work, the MPP-VAC sample incorporates three improvements: it uses
the most recent reduction of SDSS images; it uses slightly modified criteria for determining bulge-to-disk
decompositions; and finally, all the fits in MPP-VAC have been eye-balled, and re-fit if necessary, for
additional reliability. Its companion catalog, the MDLM-VAC, provides Deep Learning-based morphological
classifications for the same galaxies. The morphological classification includes a series of Galaxy Zoolike questions plus a TType and a finer separation between elliptical (E) and S0 galaxies.
Some work in the literature suggests that there is little correlation between the Sersic index of the bulge
component and the morphology of these galaxies. The information from the MPP- and MDLM-VACs were
combined with MaNGA's spatially resolved spectroscopy to study how the stellar angular momentum
depends on morphological type. Strong correlations between stellar kinematics, photometric properties,
and morphological type were found.
Lastly, this dissertation shows how proper luminosity measurements are imperative for determining the
stellar mass function of a galaxy. Additionally, the proper inclusion of M/L gradients within galaxies is
imperative to mass estimates. This is of great importance to galaxy formation and evolution models.
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ABSTRACT
MEASURING PHOTOMETRIC PROPERTIES OF SDSS AND MANGA GALAXIES
Johanna-Laina Fischer
Mariangela Bernardi
A number of recent estimates of the total luminosities of galaxies in the SDSS are
significantly larger than those reported by the Sloan Digital Sky Survey (SDSS) pipeline.
This is because of a combination of three effects: one is simply a matter of defining the
scale out to which one integrates the fit when defining the total luminosity, and amounts on
average to ≤ 0.1 mag even for the most luminous galaxies. The other two are less trivial and

tend to be larger; they are due to differences in how the background sky is estimated and
what model is fit to the surface brightness profile. Using the SDSS sky biases luminosities
by more than a few tenths of a magnitude for objects with half-light radii ≥ 7 arcsec. In the

SDSS main galaxy sample, these are typically luminous galaxies, so they are not necessarily

nearby. It is shown that PyMorph fits of Meert et al. (2015) to DR7 data remain valid for
DR9 images. These findings show that, especially at large luminosities, PyMorph estimates
should be preferred to the SDSS pipeline values as they provide a better fit to the surface
brightness profiles of galaxies.
It is natural to wonder if the difference between PyMorph and SDSS is due to intracluster
light (ICL). The effect of PyMorph reductions vs SDSS can be compared to the full sample
as in small group environments, and for satellites in the most massive clusters as well to
show that the effect is the same. None of these are expected to be significantly affected by
ICL. The only additional effect for centrals is found in the most massive haloes, but it is
argued that even this is not dominated by ICL. Hence, for the vast majority of galaxies,
the differences between PyMorph and SDSS pipeline photometry cannot be ascribed to
the semantics of whether or not one includes the ICL when describing the stellar mass of
massive galaxies.

vi

After checking that PyMorph sky estimates should still be used over SDSS pipeline
values, it was found prudent to create the catalog MaNGA PyMorph Photometric Value
Added Catalog (MPP-VAC) for the SDSS-IV MaNGA survey galaxies. The MPP-VAC
provides photometric parameters obtained from Sérsic and Sérsic+Exponential fits from
PyMorph for the MaNGA DR15 galaxy sample. Moving forward from the initial PyMorph
comparisons of this work, the MPP-VAC sample incorporates three improvements: it uses
the most recent reduction of SDSS images; it uses slightly modified criteria for determining
bulge-to-disk decompositions; and finally, all the fits in MPP-VAC have been eye-balled,
and re-fit if necessary, for additional reliability. Its companion catalog, the MDLM-VAC,
provides Deep Learning-based morphological classifications for the same galaxies. The
morphological classification includes a series of Galaxy Zoo-like questions plus a TType
and a finer separation between elliptical (E) and S0 galaxies.
Some work in the literature suggests that there is little correlation between the Sérsic
index of the bulge component and the morphology of these galaxies. The information from
the MPP- and MDLM-VACs were combined with MaNGA’s spatially resolved spectroscopy
to study how the stellar angular momentum depends on morphological type. Strong correlations between stellar kinematics, photometric properties, and morphological type were
found.
Lastly, this dissertation shows how proper luminosity measurements are imperative for
determining the stellar mass function of a galaxy. Additionally, the proper inclusion of M/L
gradients within galaxies is imperative to mass estimates. This is of great importance to
galaxy formation and evolution models.
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2.5

This is a sample of the IFU hexagonal coverage on a galaxy Law et al. (2015). 31

3.1

Difference in the total light estimated by the SDSS and PyMorph (i.e. Meert
et al. 2015) in DR7. Solid line with error bars shows the median in each
bin in magnitude and dashed lines show the region which contains 68% of
the objects in the bin. Top panel shows that SDSS DR7 cModel magnitudes
and PyMorph DR7 SerExp magnitudes are similar except for the most luminous galaxies, where PyMorph is brighter. Bottom panel shows the result
of replacing cModel with Model magnitudes; except for an overall offset, the
trends are similar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Same as Figure 3.1, but now using DR9 values for the subset of 104 objects
which were used in Meert et al. (2013) to test PyMorph and for which we
re-ran PyMorph using the DR9 images. . . . . . . . . . . . . . . . . . . . .

3.3

37

Comparison of PyMorph Sérsic photometric parameters in DR7 (Meert et al.
2015) and DR9 (this work), showing that apparent magnitudes, half-light
radii, and Sérsic indices are essentially unchanged. PyMorph DR7 parameters
are also valid for DR9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.4

38

Same as previous figure, but now for PyMorph SerExp fits. Since there are
now two components, the panel showing Sérsic index has been replaced by
one showing B/T ratio. Again, PyMorph DR7 parameters are valid for DR9,
although the scatter around the median is larger compared to Figure 3.3,
since with more free parameters, there can be more degeneracies between the
best fit values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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3.5

Effect of truncation on the value of the reported total magnitude, as a func√
tion of Sérsic index n. When the truncation radius is a fixed multiple of ab,
then this difference does not depend on a or b, and the effect of truncation
√
is the same as truncating a spherical profile with re = ab (grey solid line).
However, if it is a multiple of a, then this difference depends on b/a. Black
solid curve shows the median value of this difference for SDSS E+S0 galaxies
and dashed curves show the region which enclose 68% of the values at each n. 42

3.6

Magnitude differences shown as a function of Ser and SDSS Model magnitudes. At the bright end, the choice matters; while using Ser magnitudes
√
truncated at 7.5a reduces the difference (truncating at 7.5 ab is almost identical to 7.5a), it is still true that plotting versus Ser instead of SDSS Model
magnitudes returns a substantially larger value for the mean difference at the
bright end. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

44

3.7

Same as previous figure, but now for SerExp rather than Ser photometry. .

45

3.8

Comparison of PyMorph DR9 sky estimates from Sérsic and SerExp fits to
images of all galaxies, and from deVaucouleur and SerExp fits to E+S0s. The
estimated sky depends very weakly on which model is fitted to the image.
Therefore, in what follows, we use the PyMorph SerExp sky as representative
of all PyMorph sky values. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3.9

48

Comparison of background sky estimates from SDSS DR7, S11, and PyMorph DR7 SerExp (i.e. Meert et al. 2015), shown as a function of apparent
size (left) and absolute magnitude (right). The PyMorph sky is faintest and
SDSS brightest, particularly for objects with large angular sizes and/or luminosities. The S11 sky lies closer to the SDSS than to PyMorph. . . . . .
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3.10 Comparison of background sky estimates from SDSS DR9, Blanton et al.
(2011; B11), and PyMorph DR9 SerExp (i.e. this work), for the same subset
of 104 galaxies which were used to make Figure 3.2. Left and right panels
show results as a function of angular size and luminosity. B11 and PyMorph
are in excellent agreement with one another, whereas SDSS DR9 is clearly
brighter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

3.11 Difference between the SDSS DR9 and PyMorph DR9 estimates of the total
(truncated) light, based on fitting a deVaucouleur profile to the image of
an E or S0 galaxy. Black symbols and curves show results when PyMorph
is allowed to fit its own sky on the DR9 subset of galaxies; yellow symbols
and curves are when it is forced to use the SDSS sky value. The agreement
between the black and yellow curves suggests that PyMorphSDSSsky,deV,trunc
is a good proxy for SDSSdeV . The gray curve shows the comparison of the
much larger (∼ 60×) sample between SDSS DR9 and PyMorph DR7 (i.e.
Meert et al. 2015). The SDSS estimate is systematically fainter and this
difference increases for the galaxies with the largest angular sizes (left) or
luminosities (right). Bottom set of panels shows a similar comparison of
PyMorph estimates when the sky is fixed to that of Blanton et al. (2011;
B11) and when it is not: the differences are negligible and the scatter is
smaller compared to the top panels. . . . . . . . . . . . . . . . . . . . . . .
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3.12 Sky-related biases associated with PyMorph DR9 SerExp fits to all galaxies (not just E+S0s). Top halves of top two panels show that the brighter
SDSS sky biases the estimated SerExp magnitude fainter, and this bias is
most severe for the most luminous (left) and/or largest (right) galaxies. Bottom halves show there is no bias if the Blanton et al. (2011; B11) sky is
used. Although the scatter is similar to that in the bottom left panel of Figure 3.11, degeneracies between the fitted SerExp parameters and the fitted
sky contribute to increased scatter at high luminosities. Bottom panels show
that the SDSS sky leads to fainter magnitudes for large galaxies, and smaller
sizes and B/T values for luminous galaxies, but that there are no such biases
associated with the B11 sky values. . . . . . . . . . . . . . . . . . . . . . . .

52

3.13 Same as previous figure, but now for Ser rather than SerExp fits to all galaxies, so bottom right panel shows the change in n rather than B/T. The SDSS
sky biases the total light, half light radius, and n towards lower values especially at large luminosities and angular sizes, but there are no such biases
associated with the B11 sky values. . . . . . . . . . . . . . . . . . . . . . . .
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3.14 Difference between SDSS DR9 Model and PyMorph DR9 SerExp (truncated)
magnitudes when PyMorph fits its own sky (black), and when the sky is
fixed to that of Blanton et al. (2011; B11) (red) of the DR9 subset of 104
galaxies. Top panel shows results for all galaxies; bottom panel shows the
subset of galaxies classified as E+S0s. The gray curves in the two panels
show the comparison between SDSS DR9 Model and PyMorph DR7 SerExp
magnitudes of the much larger (∼ 60×) sample. . . . . . . . . . . . . . . . .
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3.15 Comparison of the half-light radii (top) and the total light (bottom) returned
by PyMorph when fitting deVaucouleur and SerExp models E+S0s. SerExp
fits tend to be brighter and larger. At the brightest luminosities the difference
between SerExp and deV is large enough that plotting versus one or the
other makes a significant difference. When shown as a function of SerExp
luminosity, the difference is largest for the most luminous galaxies. Figure 3.8
shows that the sky is essentially the same for these fits, so the differences are
almost entirely due to the increased freedom which the SerExp model has
compared to deV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

61

3.16 Same as previous figure, but now comparing PyMorph SerExp and Ser fits for
E+S0s. SerExp tends to be slightly smaller and brighter; at the brightest luminosities the difference is larger so plotting versus Ser or SerExp luminosity
matters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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3.17 Same as previous figure, but now for all galaxies. Since most high luminosity
galaxies are E+S0s, comparison with the previous figure shows differences
only at low luminosities: for non-E+S0s, Sérsic luminosities and sizes tend
to be fainter and smaller than their corresponding SerExp values. . . . . . .
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4.1

Image (top panels) and 2D SerExp fit and residuals (middle panels) of an
object for which the SerExp fit indicates a half-light radius Rhl = 12.68 kpc.
The axis labels are in arcseconds and the color scale is in mag arcsec−2 (the
residuals are computed as fit-data). The legends on either side provide a
wealth of information about the parameters of the fit. The 2D data images
are shown with background sky included, while the 1D angular average profile
shown in the bottom panel (black points) is computed using the background
subtracted data. The dot-dashed vertical lines in the bottom panels show
the half-light radius (Rhl in arcseconds) and its multiples. Dashed and dotted horizontal lines show the measured sky level and 1 percent of its value,
respectively. The surface brightness profile of this galaxy drops to 1 percent
of sky at a scale that is about 4 ×Rhl . Whereas the fitting is done in 2D,

and accounts for the profiles of the other objects in the field, the residuals
- and the 1D angular averages shown in the bottom panel - do not. Hence,
one should resist the temptation to associate the fact that the data in the
bottom panels are slightly brighter than the SerExp fit with ICL; some of
the apparent excess is due to the extended profiles of the other objects in
the group, rather than ICL. A single Ser fit to this object has nSer = 5. The
bulge component of the SerExp fit is very similar to a single deV fit. The
departure from a deV profile is observed at ∼1Rhl ∼ 13 kpc, which is much

smaller than the 50-100 kpc scale expected for the ICL . . . . . . . . . . . .
4.2

69

Same as the previous figure, but now for a more luminous object that is more
distant. In this case, the SerExp fit has Rhl = 13.37 kpc; R1%sky is four times
larger. Inside R1%sky , sky, a single Ser profile with nSer = 5.2 also provides
a good fit (not shown). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4.3

Same as the previous figure, but now for an object of similar luminosity that
is even more distant. In this case, Rhl = 18.07 kpc and R1%sky is three times
larger. A single Ser profile with nSer = 7.9 provides a good fit inside R1%sky
(not shown).

4.4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

At high luminosities, the mean magnitude difference between SDSS Model
and PyMorph SerExp magnitudes depends strongly on which quantity is
used as reference. Truncating the PyMorph magnitudes similarly to what is
done for the SDSS makes them fainter by ≤0.1 mag on average; it is not the

dominant effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.5

74

Distribution of E+S0s that are in both the Yang+ and the redMaPPer catalogs. The Yang+ definition of MHalo means that there is a tight correlation
between MHalo and Model magnitudes, especially at smaller masses. Many of
the objects that Yang+ classify as being centrals in groups less massive than
1014 M⊙ are called satellites by redMaPPer (the redMaPPer satellites are all
the points that are not brown). Only above 1014 M⊙ do the two groups agree
on the central-satellite classification. . . . . . . . . . . . . . . . . . . . . . .
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4.6

Redshift and luminosity distribution of objects in the group catalogs we use.
Grey histograms in the two panels show the distribution in the full sample.
Other linestyles are as indicated in legend in the bottom panel. At z ≤ 0.25,

objects were weighted by the probability of being an E+S0. Only z ≤ 0.25

objects were used to make the histograms in the bottom panel. Note that the
Yang+ catalog includes only galaxies at z ≤ 0.2; restricting the full sample
(grey histogram) to galaxies with z ≤ 0.2 gives the same distribution as
for the full Yang+ catalog (black histogram). Note that the vast majority

of objects having −23.4 ≤ Mr ≤ −22.4 are centrals in groups less massive

than 1014 M⊙ . Using the Yang+SerExp catalog (described in Section ??)
and plotting versus SerExp magnitudes instead mainly shifts the counts to
brighter magnitudes, but the differences between the samples remain.
4.7

. . .
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Difference between Model and SerExp (truncated) magnitudes for galaxies in
Yang+ having group masses between 1013 and 1014 MJ , as a function of Model
magnitudes. The median difference defined by all the E+S0 galaxies (grey
curve; same as corresponding curve in top panel of Fig. 4.4) is significantly
different from zero and is almost exactly the same for centrals (red curve) as
for satellites (green curve). . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.8

82

Same as the previous figure, but now shown as a function of SerExp magnitude in the Yang+SerExp catalog. As in the previous figure, centrals and
satellites are similar to the bulk of the population, even though the median
difference is larger than in Fig. 4.7. . . . . . . . . . . . . . . . . . . . . . . .
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4.9

Difference between (truncated) SerExp and Model photometry, as a function
of Model (left-hand panel) and SerExp magnitude (right-hand panel). Grey
symbols show the full E+S0 sample; red and green symbols show the subset
of these E+S0s that are centrals and satellites in groups whose halo mass
is greater than 1014 MJ in the Yang+ (left-hand panel) and Yang+SerExp
(right-hand panel) catalogs; brown and blue symbols show corresponding
measurements in the redMaPPer catalog; and magenta symbols show the
MaxBCG centrals. In the left-hand panel, satellites are similar to the full
sample, whereas centrals tend to be brighter. However, differences between
centrals and satellites are substantially smaller than the differences between
SerExp and Model photometry except for the most massive (i.e. redMaPPer)
groups. In the right-hand panel, centrals and satellites are more similar even
though the median offset from zero is larger . . . . . . . . . . . . . . . . . .

85

4.10 Comparison of sky estimates; colors are the same as Fig. 4.9. The top set of
curves, showing a larger offset and an asymmetric scatter, show the difference between PyMorph SerExp and SDSS DR7 sky estimates [∆Sky = Sky
(PyMorph SerExp)-Sky (SDSS)]. The SDSS sky estimate is brighter; this
overestimate is largest for the most luminous objects, and is even larger for
centrals than for satellites. The bottom set of curves, showing no offset and a
smaller scatter, show the difference between PyMorph SerExp and PyMorph
deV sky estimates [i.e. ∆Sky = Sky (PyMorph SerExp)–Sky (PyMorph
deV)]. The difference in these sky estimates is insignificant. This conclusion
is similar if we compare PyMorph Ser and PyMorph SerExp sky estimates.
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4.11 Same as Fig. 4.9, but now the difference between SerExp and Model photometry is broken up into two terms: one isolates sky subtraction effects and the
other is due to true differences in the shape of the light profile . . . . . . . .
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4.12 Same as Figure 4.11 but with (truncated) Ser mags in place of SerExp, and
Yang+Ser in place of Yang+SerExp.

. . . . . . . . . . . . . . . . . . . . . .
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4.13 Same as Fig. 4.11, but now versus M∗ rather than absolute magnitude. . . .

91

4.14 Same as Figure 4.13 but instead for the single Ser PyMorph photometry. . .

92

4.15 Same as Figure 4.7, except that the difference between Model and SerExp
(truncated) magnitudes for galaxies in Yang+ having group masses between
1013 M⊙ and 1014 M⊙ , is shown as a function of SerExp magnitudes. The
median difference defined by all the E+S0 galaxies (grey curve; same as
corresponding curve in Figure 4.7) is significantly different from zero. The
curvature away from this median relation, for the brightest satellites (green
curve) and faintest centrals (red curve), is a selection effect arising from the
fact that MHalo is strongly correlated with Model magnitudes, but there is
scatter in the Model-SerExp relation.

. . . . . . . . . . . . . . . . . . . . .

97

4.16 Same as Figure 4.8, but now showing the magnitude difference as a function
of Model magnitude in the Yang+SerExp catalog, in which MHalo is strongly
correlated with SerExp. As for Figure 4.15, the curvature away from the
median relation shown by the grey curve is a selection effect. . . . . . . . .
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5.1

Top left and right: Cutouts of the galaxy image, zoomed in on the right to
highlight the area covered by MaNGA IFUs (shown as a white hexagon). The
color scale is representative of the surface brightness [mag/arcsec2 ]. Middle
panels are for the original (seeing-convolved) PyMorph fit. Left: Black symbols in the left panel show the 1-d surface brightness profile; solid green line
shows the single-component Sérsic fit; solid red line shows the two-component
SerExp fit (red dashed). Vertical dashed lines show the associated half-light
radii which include half of the total luminosity; vertical solid black line shows
the scale covered by MaNGA IFUs. Horizontal lines show the sky level (dashdotted) and 1% of sky (dashed). The bulge component has n ∼ 7, a larger

half-light radius than the disk, and dominates on all scales. Right: Residuals
from the fits (fits−data), SerExp (red) and Sérsic (green). Bottom panels
show the result of refitting after requiring the bulge to have n < 3 (so only
the red SerExp fit curves have changed). The SerExp residuals are substantially smaller, at least within two half-light radii, and the disk now dominates
at large radii.
5.2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

103

Same as Figure 5.1, but for an object where the original fit returned a bulge
with n > 7 which dominates the light at both small and large radii: the
disk only dominates on intermediate scales. Requiring n < 2 returns a more
sensible fit, except that it is ‘flipped’: the n = 1 component dominates on
small scales (a disk would dominate on large scales). In MPP-VAC, this
galaxy’s parameters are both ‘re-fit’ and ‘flipped’. . . . . . . . . . . . . . . .

5.3

104

Same as previous figure, but now for an object where the original SerExp fit
was simply bad, mainly due to the downturn at large r. Requiring the bulge
component to have n < 1 returns a better fit – one that fits the downturn well
– but again, with ‘flipped’ components, as the n = 1 component dominates
on small scales. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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5.4

Truncation in an ellipse having semi-major axis length 7ae(∞) and axis ratio
b/a reduces the total light (left) and size (right) by an amount which depends
on Sérsic index n. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.5

108

Top: Effect of truncation on the magnitude (left) and size (right) for the
Sérsic fit as a function of absolute magnitude. Luminous galaxies tend to have
larger n, so truncation matters more at high luminosity. Bottom: Similar to
top panels but for the two-component SerExp fits (the Sérsic and Exponential
profiles were truncated separately before combining them). In this and all
following plots, the solid red line indicates the median of the data. The
dashed red lines show the region which encloses 68% of the galaxies at fixed
absolute magnitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.6

109

Example of a galaxy where a single-component fit is preferred (FLAG FIT=
1) since the disk contribution is negligible. The different panels are similar
to those in Figures 1-3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.7

111

Same as previous figure, except for this galaxy a two-component fit is preferred (FLAG FIT= 2): the solid red curve provides a good fit over the entire
image, whereas the green does not. . . . . . . . . . . . . . . . . . . . . . . .

5.8

112

Same as previous figure, except that for this galaxy the single-Ser and SerExp
fits are both acceptable, so we do not express a preference for one over the
other (FLAG FIT= 0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.9

113

Comparison of PyMorph Sérsic photometric parameters in DR7 (Meert et al.
2015) and those in MPP-VAC (subscript DR15 in the figure) for galaxies with
FLAG FIT = 0 or = 1. The figure shows that the difference in apparent
magnitude, size, Sérsic index and axis ratio is small. The solid red line
indicates the median of the data. The dashed red lines show the region
which encloses 68% of the galaxies at fixed absolute magnitude. . . . . . . .
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5.10 Same as previous figure, but now for PyMorph SerExp fits for galaxies with
FLAG FIT = 0 or = 2. For most objects, the agreement is again very good.
However, the asymmetric scatter around the median is due to a cloud of outliers associated with our flipping and/or re-fitting, for which our DR15 analysis returns fainter magnitudes, smaller sizes, smaller n-bulge, and smaller
B/T ratios. The effect is more evident for the Sérsic index n comparison
(bottom left panel) since our DR15 analysis has several more galaxies with
n = 1 but many fewer n = 8 compared to DR7. . . . . . . . . . . . . . . . .

119

5.11 Comparison of PyMorph DR15 single-Sérsic magnitudes (top row), sizes (second row from top), Sérsic indices (third row), and axis ratio b/a (bottom row)
with corresponding values from NSA and S11 for galaxies with FLAG FIT
= 0 or 1. Solid lines indicate the median of the data. The dashed lines show
the region which encloses 68% of the galaxies at fixed absolute magnitude.
In all cases, we show results as a function of PyMorph magnitude (red lines);
using NSA magnitude instead (blue lines) makes little difference except in
the top middle panel, in which the trend with M is even larger. In all cases,
PyMorph and NSA are in good agreement (left), whereas offsets between
PyMorph and S11 (middle) are like those between NSA and S11 (right). . .

121

5.12 Distribution of Sérsic n for galaxies with FLAG FIT = 0 or = 1 (i.e. singlecomponent fit is preferred). Black histogram is PyMorph DR15; red, green,
and blue show DR7 (Meert et al. 2015), S11, and NSA, respectively. Our
DR15 analysis limits n ≤ 8, whereas the S11 analysis allows 0.5 ≤ n ≤ 8,

and NSA does not allow n > 6. This explains the spike at n = 6 where NSA
has 697 galaxies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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5.13 Comparison of PyMorph DR15 two-component SerExp parameters with S11
for galaxies with FLAG FIT = 0 or = 2. From left to right, top to bottom:
apparent total magnitude, half-light semi-major axis of the total SerExp fit,
bulge Sérsic index, and B/T. We show results as a function of PyMorph
absolute magnitude (red lines) and using S11 absolute magnitudes (blue lines).123
5.14 Distribution of Sérsic index n for the bulge components of galaxies with
FLAG FIT = 0 or = 2 (i.e. two-component SerExp fit is preferred). Black
histogram is PyMorph DR15; red and green show DR7 (M15) and S11. Our
DR15 analysis has several more galaxies with n = 1 but many fewer n = 8
compared to the DR7 analysis, as a result of our eye-ball motived refitting
and flipping. The spike at n = 1 for DR15 extends to 529 galaxies. See text
for discussion of why the S11 distribution shows a peak at n ∼ 4.

. . . . .

124

5.15 Contribution to the distribution of luminosities (left) and central velocity
dispersions (right) from different morphological types (as labeled). Es dominate at large luminosities and σ0 , whereas LTGs with T-Type > 3 dominate
at small σ0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

131

5.16 Distribution of ǫ = 1 − b/a for different morphological types (as labeled). Es

are well-peaked around ǫ = 0.2, whereas LTGs with T-Type≥ 3 are approximately uniformly distributed over the entire range. . . . . . . . . . . . . . .

132

5.17 Distribution of luminosities for objects classified as being Es, S0s, and LTGs
with T-Type smaller and greater than 3 (top left, top right, bottom left and
right). Dotted and dashed histograms in each panel show objects classified as
being composed of 1 or 2 components (FLAG FIT = 1 and 2, respectively),
while dot-dot-dashed histogram shows the distribution of galaxies for which
both fits are equally acceptable (FLAG FIT = 0). Red dot-dashed histogram
in top left panel shows the Es that are ‘slow rotators’ (∼ 60% of Es). In the
bottom panels, two-component systems (dashed) tend to be more luminous.
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5.18 Same as previous figure, but now as a function of central velocity dispersion.
LTGs with 0 < T-Type < 3 classified as having two components tend to have
larger σ0 , presumably because of the bulge component. . . . . . . . . . . . .

136

5.19 Same as previous figure, but now as a function of ǫ. S0s and objects with
T-Type> 3 tend to be rounder (peak at smaller ǫ) if they are made of two
components rather than one. . . . . . . . . . . . . . . . . . . . . . . . . . .

137

5.20 Normalized distribution of Sérsic index n for galaxies with FLAG FIT = 1
in MPP-VAC. The distributions shown are (from left): our catalog, M15
(DR7), S11, and NSA. These histograms are divided into morphological type
following MDLM-VAC: late-types T-Type > 3 (blue) and 0 < T-Type < 3
(green), S0s (orange), and ellipticals (magenta). Our DR15 and DR7 analysis
limits n ≤ 8, whereas the S11 analysis allows 0.5 ≤ n ≤ 8, and NSA does not

allow n > 6.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

138

5.21 Normalized distribution of n-bulge from our DR15 analysis (left), DR7 (middle), and S11 (right), for galaxies with FLAG FIT = 2 in MPP-VAC. The
histograms are divided into morphological types as in the previous figure.
The spike at nbulge = 8 in the middle panel (DR7) is due to late-types (not
S0s); these have nbulge ∼ 1 in the left-hand panel (DR15), even though the

morphological classification was not used to motivate the change. . . . . . .

138

5.22 Same as previous figure, but now for distribution of the bulge/total light ratio
(B/T). The distributions from our measurements (DR15, left panel) show a
clearer separation between S0s (orange) and Es (magenta) compared to S11. 139
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5.23 Ratio of the total g- and r-band light (left) and size (right) as a function of
morphology (blue and green represent LTGs, T-Type > 3 and 0 < T-Type
< 3, while orange and magenta show S0s and Es). Dashed black lines show
the region which encloses 68% of the galaxies at fixed absolute magnitude.
The top panels show comparison for the Ser fit while the bottoms for the
SerExp fit. The panels on the left are not color-magnitude relations in the
conventional sense, as they use the total light, rather than the light within
the same aperture in both bands. Note that a single-Sérsic component fit
is prefered for LTG galaxies with M (Ser) ≥ −20.5 while higher luminosity

LTGs prefer a Ser-Exp fit (see also Figure 5.17 and Table 5.4). . . . . . . .

140

5.24 Top: Distribution of the Galaxy Zoo 2 (GZ2) probability PSmooth for objects
classified as E, S0, or LTG by our Deep Learning algorithm. Whereas objects
with PSmooth < 0.6 are not contaminated by Es, a substantial fraction of
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Chapter 1

Introduction
1.1

Galaxy Basics

This work will present my research on the photometric properties of galaxies. But ultimately, the first questions to ask are, what are galaxies and how did they form? To answer
the first question, galaxies are made up of four main components. These are gas, stars, dark
matter, and a black hole. Another part of the galaxy is the halo which generally contains
older stars, globular clusters, and dark matter. Galaxies are a gravitationally and rotationally bound system of these components. But, how they initially formed is a bit more of a
contested subject.
The general theory of more modern cosmology suggests that the universe is homogenous
and isotropic on large scales (Binney and Tremaine; Galactic Dynamics 1987). But, through
small fluctuations in density between baryonic and non-baryonic matter, clumps of matter
started forming. We see this slight clumping on very small scales in the features of the
cosmic microwave background. What is thought to occurred is essentially clumps turning
into larger clumps eventually turning into the wide array of galaxies and the systems therein
that we see today. This is exemplified in greater detail in Figure 1.1, taken from Mo et al.
(2010).
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Figure 1.1: This is the basic schema of galaxy formation and evolution as found in Mo et al.
(2010).
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Figure 1.2: This is the tuning fork diagram as first organized by Edwin Hubble. Here, you
can see early types on the left denoted as E and late types referred to as S (Abraham 1998).

There are many different types of galaxies, these first organized by Edwin Hubble’s
Tuning Fork Diagram (Abraham 1998; Hubble 1922, 1926; Figure 1.2). This diagram, as
described in Abraham (1998) shows elliptical galaxies on the leftmost side and spiral galaxies
on the right. Ellipticals are ordered by the extent of their ellipticity. Spiral galaxies make
up the fork of the tuning fork diagram in that they are separated by the presence of a
bar (bottom) or those without a bar (top). They are ordered from left to right by the
prominence of a bulge as well as the loosening of the spiral arms; where those with the
largest bulge and tightest arms are to the leftmost side of the spiral galaxies.
In this original classification, Hubble called these elliptically shaped galaxies “Early
Type” galaxies (ETGs) and the spiral galaxies “Late Types”. It was thought that elliptical
galaxies were the progenitor of spiral type galaxies. This is a falsehood, in the modern view
of the hierarchical picture of galaxy formation. It is now the more accepted theory that
elliptical galaxies are thought to arise from the merging of other galaxies, perhaps former
spiral galaxies or other types to become the size and shape they are in our observations
today.
Additional galaxy properties have been measured to give us a greater understanding

3

1.2 Galaxy Formation

of the different galaxy populations, such as size and magnitude. Greater insights to the
dynamics within in a galaxy such as kinematics and color gradients can give us a much
deeper understanding of the evolutionary history of galaxies.

1.2

Galaxy Formation

There are generally thought to be two competing models of galaxy formation: “top-down”
and “bottom-up”. The “top-down” method, also known as monolithic collapse, theorizes
that galaxies formed from the collapse of a giant gas cloud in the early stages of the universe.
The “bottom-up” idea, also known as hierarchical clustering, suggests that all galaxies
resulted and then grew from the merging of galaxies. Moreover that clumpy-ness drove
original “galaxy seeds”.
The work of Eggen et al. (1962) suggests that when it comes to monolithic collapse,
the difference between ellipticals and spirals is determined by the timing of star formation.
During this collapse of gas, if the system is dissipationless, stars will form and dispersion will
happen. However, if the collapse is dissipational, via shocks and cooling, rotation will occur
causing a disk. Stars will form more slowly in this picture with younger stellar populations.
If the cooling in center of massive halos is very short, this should result in massive luminous
central galaxies. However these are not observed. This means cooling is turned off in some
way.
Feedback in the formation and evolution of galaxies is another component to consider.
Feedback is a means of quenching or regulating of star formation via supernovae or active
galactic nuclei (AGN). In this scenario, gas is thrown out of the galaxy and heated which
slows or stops star formation (Huertas-Company et al. 2016).
In the hierarchical formation of galaxies (i.e. larger galaxies come from the merging of
smaller galaxies), there are still some questions left unanswered. Current giant ellipticals
are more dense than current spirals and also have greater velocity dispersions compared to
the rotational velocities of current spirals (Ostriker 1980).
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Cooling mechanisms effect how a galaxy forms. This cooling is a function of density,
temperature, and metallicity. In massive halos, virialized temperatures above 107 K have
gas that is fully collisionally ionized and cools through the Bremsstrahlung emission of
free electrons. For temperatures within 104 K < T < 106 K, excitation and de-excitation
happens. Here, electrons can recombine with ions creating photons and atoms (neutral or
partially ionized) which can be excited by collision, causing radiative decay. This method
is very dependent on the metallicity of gas. For halos with T <104 K, they are composed
of neutral gas which suppresses cooling, but some cooling is still possible through collisions
and decay. Cooling can also occur at high redshifts, where inverse Compton scattering
of cosmic microwave background photons by electrons occurs in hot halo gas. In these
scenarios, cooling is generally more effective in more dense regions (Mo et al. 2010).
Radiative cooling is suggested by Silk (1977), Rees and Ostriker (1977), and Binney
(1977) to limit galaxy mass. If the cooling time is about the same or shorter than collapse,
then the galaxies tend to be of a characteristic mass of about 1012 M⊙ . But it is thought
that this is not the only process (e.g. feedback, dark matter) to cause that characteristic
mass.
Dark matter is also a factor in considering the formation of galaxies. We know this in
part because the rotation curves of spiral galaxies suggest that outside a galaxy there are
extended dark matter halos. Going back to the “bottom up” theory, the two-stage method
of galaxy formation was created by White and Rees (1978) in which hierarchical clustering
forms dark halos. Stars form from the cooling and condensing of gas from potential wells
of these dark halos. However, this model predicts too many low-luminosity galaxies than
what is observed. This can be semi-resolved by using cold dark matter initial conditions.
Density may be a factor in understanding why certain types of galaxies form versus
another. In Fall and Efstathiou (1980), they prescribe a method of “biased galaxy formation” in which giant elliptical galaxies form in high density peaks of the cold dark matter
distribution, whereas disk galaxies form in lower density regions. Additionally, this idea
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was thought to mean that more extended dark matter halos around galaxies would make
mergers more likely for elliptical galaxies.

1.3
1.3.1

Types of Galaxies
Elliptical

Elliptical galaxies are smooth, featureless galaxies. They are best described as a bulge
since they generally do not contain a disk. Elliptical galaxies generally have little to no gas
(specifically, cool gas) or dust and hence do not have much or any star formation. Because
of this, we generally observe older stellar populations.
Ellipticals can be highly elliptical to more circular with 0.3 .

b
a

. 1. They have little

to no rotation and are supported by velocity dispersion, σ. Ellipticals are generally found
in clusters.
1.3.1.1

Assembly Histories of ETGs

As mentioned previously, it is believed that the formation of early type galaxies comes from
the merging events of different galaxies. There are many ways to describe a merger event.
The first way is through the size of the collision which can be either a minor or major merger.
A minor merger is when a galaxy collides with a satellite galaxy. A major merger is when two
galaxies, close in mass, collide. The second way a merger is described is through a definition
of the involvement of gas in the collision, as gas is the only galaxy component that actually
collides. A wet merger involves the merging of gas-rich galaxies. This type of interaction
triggers star formation as was mentioned earlier. A dry merger involves the merging of
gas-poor galaxies which would result in no change in star formation. Additionally, there is
the characteristic of dissipation in a merging event. Dissipation is just energy leaving the
merging system.

6

1.4 Surface Brightness Profiles

Work by Bernardi et al. (2011) showed that at the high mass (luminosity) end there is
a special mass (luminosity) scale: 2 × 1011 M⊙ (which corresponds to an r−band luminosity

scale of ∼ −22.5 mag). Various scaling relations (such as size-Luminosity) change slope

at this scale, and this is thought to be related to a change in the assembly histories –
e.g. minor versus major dry mergers. Because this special mass (luminosity) scale is so
important, proper measurements of mass (luminosity) are imperative. This is discussed
more in Chapter 6.

1.3.2

Spirals

Spiral galaxies are generally two component galaxies that have a bulge and a disk. The disk
contains the stars, gas, and dust that make up its star forming, rotating spiral arms. The
bulge is a smooth portion of the galaxy, not unlike an elliptical galaxy.

1.3.3

Lenticulars/Irregulars

Lenticulars are thought to be the transition between elliptical and spiral galaxies. These
galaxies might be spiral-like and have a rotating disk and a bulge or like ellipticals in that
there might be little to no gas with smooth, featureless structure.
Irregular galaxies have generally undefined structure which is thought to come about
from nearby neighbor galaxies, mergers, or intense star formation.

1.4

Surface Brightness Profiles

As was discussed in the previous section, galaxies can contain bulges and disks. These types
of components can be modeled in many ways, but the two used in this work are Sérsic and
Exponential profiles.
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1.4.1

Sérsic

Sérsic profiles are generally used to measure the surface brightness profiles of bulges. This
is useful in both ellipticals and spirals as they both contain a bulge component. The surface
brightness profile for the Sérsic profile is measured using equation 1.1

I(r) = Ie exp −bn

"

r
Re

1

#!

n

−1

(1.1)

bn = 1.9992n − 0.3271
where Ie is the surface brightness profile at the half light radius, Re and n is the Sérsic
index (Sérsic 1963).
A special case of the Sérsic profile is the de Vaucouleurs profile (de Vaucouleurs 1948).
This type of profile sets the Sérsic index, n equal to 4.

1.4.2

Exponential

Exponential profiles are generally used to measure the surface brightness profile of disks,
which are more commonly found in spiral galaxies. These profiles are measured using
equation 1.2
Iexp (r) = Id exp



−r
Rd



,

(1.2)

where Rd is the disk scale radius and Id is the central surface brightness. This is simply the
Sérsic profile with n =1.

1.4.3

Bulge to Total Disk Ratio

The surface brightness profiles of galaxies can be fit in many ways. This dissertation will
discuss one- and two-component profiles in which a one component is generally fit with a
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Figure 1.3: T-Types from Domı́nguez Sánchez et al. (2018).

Sérsic and a two-component is generally fit with a combination of a Sérsic and an Exponential profile (called SerExp). For the two component galaxy, the inner region, or bulge, is fit
with the Sérsic profile whereas the outer region, or disk, is fit with the Exponential profile.
When using a two component fit, a common measurement to make is the bulge-to-total
light ratio (B/T) within a galaxy. This gives an idea of the relative contributions of light
from each component.

1.5

More on Morphological Types

In 1.1 and 1.3, the Hubble Diagram and the types of galaxies that there are were discussed. These define visual morphological types; many times referred to by their T-Type
(de Vaucouleurs 1974). There are several different schema for determining the T-Type of a
galaxy.
Galaxy Zoo has had a great hand in determining morphological types of galaxies (Lintott et al. 2008). Using citizen-science work, where the general public could determine
the kinds of galaxies (specifically, elliptical, clockwise spiral, anticlockwise spiral, edge-on,
star/do not know, or mergers (Lintott et al. 2008)) by eye-ball classification, they have
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created a database of galaxy morphologies originally for SDSS database and onward to e.g.
CANDELS and Galaxy Zoo 2 (Willett et al. 2013; hereafter GZ2).
A new automatic way of determining T-Type was introduced by Domı́nguez Sánchez
et al. (2018) using a Deep Learning algorithm, which uses convolutional neural network on
color (RGB) images from SDSS. As a training set for this algorithm, the GZ2 classification
was used due to its great details (e.g. disk/features, edge-on galaxies, bar signature, bulge
prominence, roundness, and mergers) and the sample of Nair and Abraham (2010) who
visually inspected about 10000 galaxies.
In addition to the T-Type, the Domı́nguez Sánchez et al. (2018) catalog also includes
a probability of being an S0 galaxy. In general, the difference in T-Type between pure
ellipticals and S0s are not well defined, so this work provides an additional classifier to
make the distinction. Later in this dissertation, this morphological classification using
Deep Learning will be used to create a catalog of morphologies for the MaNGA galaxies.

1.5.1

More on Morphology, B/T, and n

The results related to correlations with B/T, n, and morphology presented in this dissertation do not always agree with what is found in the literature. While this is better addressed
in Chapter 5 (which is Fischer et al. 2018), it is important to get a sense of what was
presented in previous work.
The work of Simard et al. (2011) suggests that there is a strong correlation between B/T
and n up to n=3 (B/T=0.5). At larger values of n there is a flattening out of the relation
with an increasing scatter, see Figure 1.4. This comes from a separation issue between one
and two component galaxies. Because of this, Lackner and Gunn (2012) argues that Sérsic
index is not a good indicator for B/T.
Similarly, Figure 1.5 taken from Gadotti (2009), shows that although there is correlation
(higher n means a higher B/T) between Sérsic index and B/T, the scatter is quite large.
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Figure 1.4: Relation between B/T and n. The B/T is determined for the SDSS g-band for
a SerExp fit. The gray scale shows the normalized distribution of galaxies. This figure comes
from Simard et al. (2011), their bottom-left panel in Figure 14.
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Figure 1.5: Relation between n and B/T. This is the bottom left plot from Figure 6 of Gadotti
(2009).
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Figure 1.6: The top plot (a) shows the B/T correlation to morphological T-Types. The
bottom plot (c) shows how B/T is correlated with nbulge . The solid line shows the linear fit
to the distribution. The error bars at the top of the plot show the estimated error of the B/T
measurements based on the measured magnitudes of the bulge and disk. This is Figure 6 (a)
and (c) of Kim et al. (2016).
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Figure 1.7: This plot shows the stacked histograms of the distribution of nbulge for morphological classes. This is Figure 28 from Nair and Abraham (2010).

Additionally, in the work of Kim et al. (2016) shows that B/T correlates more with
Hubble type (which is approximately T-Type) but not as well with bulge Sérsic indices, see
Figure 1.6. Here LTGs generally have smaller B/T values vs ETGs. They argued that the
low correlation between B/T and n is due to high uncertainties in Sérsic index values. This
is because the n used in this figure comes from fitting the bulge component instead of the
total light profile of the galaxy. This will be discussed later in Chapter 5.
Nair and Abraham (2010) showed that Es have a preferential Sérsic index of around ∼4

and later types have a slight preference to lower Sérsic indices, see Figure 1.7.

While the above work shows that single-Sérsic fits to late- and early-type galaxies are
likely to return Sérsic indices of n ≤ 2 and ≥ 4, respectively, some literature (e.g. Simard
et al. 2011) suggests that there is little correlation between the Sérsic index of the bulge com-

ponent and the morphology of these galaxies. My results presented in Chapter 5 confirms
the expected correlation for the single-Sérsic fit, but shows that there is also a correlation
between the morphological type and the n of the bulge component.
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1.6

Luminosity Function

The Luminosity Function (hereafter LF) describes the number of galaxies over luminosities.
The LF can be defined by
Φ(L)dL = φ∗



L
L∗

α

exp



−L
L∗



dL
L∗

(1.3)

as formulated by Press and Schechter (1974) and Schechter (1976). The term φ∗ is the
normalization factor of the density of galaxies, L∗ is the characteristic galaxy luminosity
with which above this luminosity, the number of galaxies declines exponentially, and α
defines the ‘faint-end slope’ and is usually negative.
Vmax =

Z

dΩ f (θ, φ)

Z

zmax(θ,φ)
zmin(θ,φ)

2
(1 + z)2 DA
c dz
H(z)

(1.4)

When it comes to galaxy observation, it is important to take care of the Malmquist
bias (Malmquist 1920). The Malmquist bias is the partiality of a survey to detect brighter
objects as they are easier to see. To correct for this, the Vmax correction is used (Schmidt
1968). Vmax is the weight of the comoving volume with which the galaxy can be observed
(see equation 1.6). When it comes to the Vmax equation, Ω is the solid angle of observation,
f (θ, φ) is the sampling fraction point on the sky. The upper and lower bounds of the second
integral are zmax(θ,φ) and zmin(θ,φ) , which are the maximum and minimum redshifts that
a galaxy can be detected, respectively. DA is the angular distance, H(z) is the Hubble
parameter at redshift z, and c is the speed of light. By weighting a galaxy by its Vmax
correction (1/Vmax ), the LF is corrected in this way.
A caveat of the LF is that it depends on waveband of the light used. Since this light
can vary and evolve, even if the mass does not, it may be more useful to shift to the use of
a stellar mass function, Φ(M ) instead (Bernardi et al. 2017a).
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1.7
1.7.1

Mass Function
The Initial Mass Function

The initial mass function is used to describe mass of a population of stars immediately after
stars have formed. There are several definitions of initial mass functions (hereafter IMF).
The three mainly used IMFs are Salpeter, Kroupa, and Chabrier. There are others but
they are outside the scope of this work.
The Salpeter IMF (Salpeter 1955) is described below.
ξ(M ) = ξ0 M −2.35

(1.5)

where ξ0 is a constant that describes the local stellar density.
The Kroupa IMF (Kroupa 2001) is very similar to the Salpeter but instead defines a
constant α that varies depending on the stellar mass, M .


α = 0.3 for M < 0.08 M⊙

ξ(M ) = M α α = 1.3 for 0.08 M⊙ < M < 0.5 M⊙


α = 2.3 for M > 0.5 M⊙

Lastly, the Chabrier IMF (Chabrier 2003) is defined as follows


(
(0.08M⊙ ))2
exp − (log M −log
for M ≤ 1 M⊙
0.9522
ξ(log M ) ∝
M −1.3
for M > 1 M⊙ .

(1.6)

(1.7)

The Salpeter IMF includes more low-mass stars than the Chabrier or Kroupa. Kroupa
tends to favor more mid-mass stars, and Chabrier favors more high-mass stars (see Figure 1.8, which is Figure 1 from Crosby et al. 2016).
Many studies have assumed a constant IMF when computing the stellar mass-to-light
ratio, M∗ /L. However, this has been only out of convenience, not because it is physically
motivated. Some recent studies have suggested that the IMF is not constant across a
population of galaxies, let along across individual galaxies. This will be discussed in more
detail later in this dissertation (see Chapter 6).
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Figure 1.8: This plot shows how the differential form of the mass function for each IMFs
mentioned compare to one another over a mass range from 0.08 M⊙ to 260 M⊙ . The solid
purple line is the Salpeter, the dashed light blue line is the Kroupa, and the red dot-dashed is
the Chabrier IMF. This plot comes from Figure 1 in Crosby et al. (2016).
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1.7.2

Stellar Population Synthesis (SPS)

The evolution of stellar populations is an integral part to determining the mass function of a
galaxy. One of the most common stellar population synthesis models is Bruzual and Charlot
(2003). This work uses the IMF, star formation rate (SFR), and chemical enrichment. Using
these parameters, the age distribution of stars can be determined.
The Bruzual and Charlot (2003) SPS model requires spectra, SFR, and it’s own library
of stellar evolution models. The distribution of stellar populations can be determined for
various ages and metallicities. These models produce M∗ /L estimates, however with some
degeneracies.

1.7.3

Stellar Masses

Once estimates of the M∗ /L are determined, the M∗ is simply determined by multiplying
M∗ /L by L. For this work, L is determined via PyMorph values as they are measured more
accurately (see later chapters on this).

1.8

Importance of Φ(L)/Φ(M∗) and the Halo Model

The proper measurements of the estimated z ∼ 0.1 luminosity and stellar mass functions

can impact the halo model Cooray and Sheth (2002) estimates of the M∗ − MHalo relation

(Kravtsov et al. 2018; Shankar et al. 2014).

As briefly mentioned earlier in Section 1.2, galaxies are thought to have a dark matter
halo. This is a component of a galaxy that includes the galaxy and extends outside of the
bounds of the galaxy. These halos are thought to be key as to the formation and evolution
of galaxies. The halo model describes the distribution of dark matter.
It is the current assumption that the properties of galaxies, e.g. metallicity, gas fraction,
and velocity dispersion, are strong functions of the parent halo mass (Sheth 2005). Since
older halos, of a given mass, are the ones that formed early in denser regions of the universe
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(Sheth and Tormen 2004), the properties of the galaxies in those halos, differ from objects
formed in younger and/or lower mass halos (Gao et al. 2005). In general, more massive
galaxies are in more massive halos (Shankar et al. 2014, Kravtsov et al. 2018)
To properly relate galaxy-halo properties, the correlation between halo mass function
and galaxy luminosity function must be well determined. Focusing on this luminosity
dependence, previous work by Bernardi et al. (2013); Meert et al. (2013, 2015, 2016), have
shown that since PyMorph based luminosities are more luminous than those of SDSS,
especially at the high mass end, the PyMorph based M/L is smaller (Bernardi et al. 2013).
These luminous objects are mostly quiescent early-type galaxies. PyMorph will be discussed
in the next section, as well as throughout this work, which supports the very bright/massive
galaxy end measurements for later data releases of SDSS.

1.9

PyMorph

To measure the surface brightness profiles as defined in the Section 1.4, this work employs
the use of PyMorph (Bernardi et al. 2014; Meert et al. 2013, 2015, 2016; Vikram et al.
2010). PyMorph is a Python based code that uses Source Extractor (SExtractor; Bertin
and Arnouts 1996) and GALFIT (Peng et al. 2002) to find the structural parameters of
galaxies. For a galaxy or galaxies in one frame, the image, weight image, and PSF of the
image is fed to PyMorph. PyMorph uses SExtractor to find a mask image to then give to
GALFIT which then does a 2-D fitting to find the parameters of the galaxy.
From this work and previous studies, it has been found that PyMorph yields substantially more light at high luminosities (Bernardi et al. 2017b, 2016, 2013, Chapter 3 (which is
Fischer et al. 2017) and Figure 3.1) than previous work based on SDSS pipeline photometry.
The differences impact Halo Model (Cooray and Sheth 2002) based interpretations of the
relationship between galaxies and dark matter halos at z ∼ 0.1 (e.g. Shankar et al. 2014

and Kravtsov et al. 2018). Pinning down this relationship locally is crucial for studies of
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how this relationship evolves. In addition, as first identified by Bernardi et al. (2011) at the
high mass (luminosity) end there is a special mass (luminosity) scale: 2 × 1011 M⊙ (which

corresponds to an r−band luminosity scale of ∼ −22.5 mag). Various scaling relations

change slope at this scale, and this is thought to be related to a change in the assembly
histories – e.g. minor versus major dry mergers. It is also the mass (or luminosity) scale
where the stellar mass (or luminosity) function starts to drop exponentially. For all these
reasons, identifying and accounting for all possible biases so as to have reliable photometric
estimates at these luminosity and mass scales is important. In Chapter 3 the reasons for the
differences between PyMorph and the SDSS are addressed and show that PyMorph should
be used, especially at large luminosities.

1.10

Meert Catalog

This work builds off of the Meert et al. 2015 and 2016 catalogs, hereafter referred to as the
Meert Catalog. The Meert Catalog used the SDSS DR7 galaxy sample and fit the surface
brightness profiles to all galaxies in that sample using PyMorph for the g, r, and i band
measurements of SDSS. The PyMorph fits made included one component Sérsic and de Vaucouleurs profiles and two component Sérsic+Exponential and de Vaucouleurs+Exponential
profiles.
There were cuts made on the sample. The first cut was made to ensure that all objects
were galaxies. This was done by placing a cut on the photometric pipeline in which the
SDSS defined photometric object type parameter “Type” had to equal 3, meaning it was
identified as a galaxy. Additionally, the spectrum had to identify the object as a galaxy in
which the SDSS defined spectroscopic object type parameter, “SpecClass”, had to equal 2.
There was a cut on the r-band petrosian magnitude between 14 and 17.77 mags. Galaxies
with z < 0.005, z > 1.0, or 0.4 < z < 1.0 were removed. Galaxies with saturated pixels
were removed. A Petrosian half light radius cut of µ50,r < 23.0 was also applied. This gave
670,722 galaxies in the sample.
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Figure 1.9: Pre-processing steps that must be done in order to run PyMorph. This flow chart
is an updated version of that found in Meert (2015) to account for changes between SDSS-II
and SDSS-III+.
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Figure 1.10: Internal processes within PyMorph. This flow chart is just an updated version
of that found in Meert (2015).

The Meert Catalog also included a flagging system to determine a “good” or “bad”
fit. For a large number of galaxies in this sample (670,000+), this flagging system makes
sense as it is impossible to look through each galaxy profile to determine a good fit. This
was based in part by the type of fit used. Unlike the Meert Catalog flagging system, the
MaNGA PyMorph Photometric Catalog, which will be discussed about more in Chapter 5,
includes eye-balled and re-fit galaxies as needed in lieu of an automatic flagging system.
Included in the Meert Catalog was a comparison to literature; specifically Simard et al.
(2011) and Lackner and Gunn (2012). Since the work of this dissertation mainly uses Sérsic
and SerExp fits, the only comparisons with the literature included from the M15 catalog
are those for the Sérsic and SerExp fits.
For the Sérsic fit, Figure 1.11, M15 compares to both Simard et al. (2011) and Lackner
and Gunn (2012), hereafter S11 and LG12. It can be seen that for the apparent magnitude,
size, and n, that M15 agrees better with LG12 than S11. The discrepancy with S11 is
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Figure 1.11: One-component Sérsic fit comparison between M15, LG12, and S11. Here we
can see that amongst the parameters of apparent magnitude, size, and n that M15 agrees better
with LG12 than S11. This is Figure 15 in Meert et al. (2015).

23

1.10 Meert Catalog

Figure 1.12: Two-component SerExp fit comparison between M15 and S11. For the very
bright end, the discrepancy is most pronounced in the magnitude and size. The B/T values are
relatively consistent between the two catalogs. This is Figure 18 in Meert et al. (2015). LG12
does not have a SerExp fit.

shown to be greater on the brighter magnitude end of galaxies. While this is seen a little
with LG12, the effect is more pronounced with S11.
LG12 did not include a SerExp fit in their catalog, therefore the comparison is only with
S11. For the SerExp fit, the comparison with S11 is shown for the apparent magnitude,
size, and B/T (see Figure 1.12). Magnitude and size disagree with S11 on the very bright
end whereas B/T agrees quite well.
Meert et al. (2015) makes the argument that the discrepancy with S11 comes from
S11’s over-subtraction of the sky (see also Bernardi et al. 2014). The sky is particularly
overestimated for the very bright end (see Figure 16 of Meert et al. 2015; which applies to
both Ser and SerExp fits as S11 uses the same sky value for both).
The M15 catalog is a great stepping off point for this work as it provides much better
sky estimates and therefore better parameter estimates than many other catalogs. However,
M15 uses SDSS DR7 images. These images use an old pipeline that had many problems.
Therefore, this work intends to only use SDSS III and beyond (i.e. DR9 and more recent
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releases).
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Chapter 2

Data Sets and Telescope Used
2.1

SDSS

The Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009) is a 2.5 meter optical telescope
(Figure 2.1) located at Apache Point Observatory in New Mexico. The SDSS is in its fourth
phase, the DR14 being its second release in this phase. This work uses the Data Releases
7 (Abazajian et al. 2009), 9, and 14 which come from the Survey’s II, III, and IV phases,
respectively. Each phase is cumulative of the previous phases of the Survey.
The telescope is an optical telescope (Gunn et al. 2006) with a photometric camera
(Gunn et al. 1998). There is an imaging CCD for each filter band. The transmission curves
can be found in Figure 2.2 and span the near-UV to the near-IR. The work uses the g, r,
and i bands because they have the best signal to noise.
Image observations are taken in drift-scan mode in which the effect of the image drifting
over the camera is fixed by the software. Each image has an integration time of 54 seconds
and a platescale of 0.396 arcseconds per pixel.
The DR14 of the SDSS also contains data from the MaNGA survey which is described
in more detail in the next subsection.
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Figure 2.1: A picture of the SDSS 2.5 meter telescope taken at night, though, not a particularly
great observing night due to the cloudy sky.
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Figure 2.2: These are the transmission curves of the SDSS filters u, g, r, i, and z as represented
by the green, blue, black, red, and magenta curves, respectively.
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Figure 2.3: This map is the SDSS-IV coverage.

2.1.1

MaNGA

Wake et al. (2017) describe how the galaxies were selected from the SDSS footprint for
observation. Whereas the SDSS pipeline photometry is not quite up to the task (Chapter 3 and references therein), substantially improved photometry is available through the
NASA-Sloan Atlas catalog (nsatlas.org; hereafter NSA). This relies heavily on a more
careful treatment of object detection, deblending, and the background sky level (see Blanton et al. 2011 for details). While the NSA photometry provides Petrosian and Sérsic-based
estimates of galaxy magnitudes, sizes, and ellipticities, it does not provide two-component
fits. ‘Bulge-disk’ decompositions would be a valuable complement to MaNGA spectroscopy,
which provides maps of rotation and velocity dispersion in galaxies.
The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA; Bundy et al.
2015) Survey is a component of the SDSS IV (Blanton et al. 2017). MaNGA uses integrated
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Figure 2.4: This is the map of planned (grey) and current (purple) observations of galaxies
for the MaNGA survey Wake et al. (2017).

field units (IFUs) to map the spectra across ∼10000 nearby (z ∼ 0.03) galaxies in the total

survey whose coverage can be seen in Figure 2.4. The IFU technology allows the MaNGA
survey to obtain detailed kinematic and chemical composition maps of each galaxy (e.g.
Drory et al. 2015; Graham et al. 2018; Greene et al. 2017; Gunn et al. 2006; Law et al.
2016, 2015; Smee et al. 2013; Yan et al. 2016a,b). These maps can be created using the 17
simultaneous IFUs per 7 degree2 plate made up of hexagonal fiber bundles (Drory et al. 2015;
Law et al. 2015). These are tightly packed optical fibers with a diameter of 2 arcseconds
within a bundle that can span a diameter of 12 to 32 arcseconds depending on the plate
used for observation. An example of the IFU coverage over a galaxy for a single observation
can be seen in Figure 2.5. These spectral measurements cover a wavelength range of 3,600
to 10,000 Å (Law et al. 2015; Smee et al. 2013). The observations have a resolution of R ∼

2,000 which give a spectral resolution of σr ≈ 70 kms−1 . The data used in this work comes

from the MaNGA Product Launch-7, data reduction pipeline version 2.2.1. As the survey
is not complete as of the writing of this dissertation, there are currently ∼4700 galaxies
used in this work out of the expected ∼10000.

There are two ways the data from MaNGA is presented. One is from the LOGCUBE
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Figure 2.5: This is a sample of the IFU hexagonal coverage on a galaxy Law et al. (2015).

files, the other are the MAPS files. The LOGCUBE files contain the spectral model fits
to the data and the MAPS files contain 2-dimensional maps of measured properties (such
as velocity and composition) as computed in the data analysis pipeline. These MAPS in
particular are used later in regards to mass estimates (see Chapter 6 in a future project.
The work described in Chapter 5 utilizes the current sample of MaNGA galaxies to
create a full photometric catalog of galaxy properties. This catalog will be part of the
SDSS-IV DR15 release paper set to come out in December 2018.
When necessary, all analysis in this work assumes a spatially flat background cosmology
with parameters (Ωm , ΩΛ ) = (0.3, 0.7), and a Hubble constant at the present time of H0 =
70 km s−1 Mpc−1 .
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PyMorph for SDSS-III and Beyond
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Chapter 3

3.1

Introduction

As discussed in Chapter 1, quantifying the luminosity and stellar mass functions in the
local Universe is very important (see also Bernardi et al. 2017a, and references therein).
The Sloan Digital Sky Survey (hereafter SDSS), which surveyed about a quarter of the sky
to a median redshift of about z ∼ 0.1, is the benchmark database for such studies. Recently

Meert et al. (2015, 2016) have made available a re-analysis of the galaxies in the SDSS
DR7 release (Abazajian et al. 2009). Their analysis determines photometric parameters,
such as luminosity, half-light radius, a measure of the steepness or central concentration of
the profile, etc., by fitting a number of different models to the surface brightness profile:
a single component deVaucouleurs profile, a single component Sérsic index profile, and a
two component Sérsic index bulge plus exponential disk profile (hereafter deV, Ser, and
SerExp). The fitting algorithm is called PyMorph (Bernardi et al. 2014; Meert et al. 2013,
2015, 2016; Vikram et al. 2010). The PyMorph catalog yields substantially more light at
high luminosities (Bernardi et al. 2017a, 2016, 2013, and Figure 3.1 below) than previous
work based on SDSS pipeline photometry. The differences impact Halo Model (Cooray
and Sheth 2002) based interpretations of the relationship between galaxies and dark matter
halos at z ∼ 0.1 (e.g. Shankar et al. 2014). Pinning down this relationship locally is crucial

for studies of how this relationship evolves.
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In addition, as first identified by Bernardi et al. (2011) at the high mass (luminosity)
end, there is a special mass (luminosity) scale: 2×1011 M⊙ (which corresponds to an r−band
luminosity scale of ∼ −22.5 mag). Various scaling relations change slope at this scale, and
this is thought to be related to a change in the assembly histories – e.g. minor versus major
dry mergers. It is also the mass (or luminosity) scale where the stellar mass (or luminosity)
function starts to drop exponentially. For all these reasons, identifying and accounting for
all possible biases so as to have reliable photometric estimates at these luminosity and mass
scales is important. Here we address the reasons for the differences between PyMorph and
the SDSS, and show that PyMorph should be used, especially at large luminosities.
There are expected to be three main culprits. An important step in the determination
of the amount of light we receive from an object is the estimation of the amount of light
which is contributed by the background sky. Over-estimating the contribution from the
sky will lead to an underestimate of the size and total light, and perhaps a decrease in the
estimate of how centrally concentrated the object is. Bernardi et al. (2007, see also, e.g.,
SDSS DR7 documentation) noted that the SDSS pipeline reductions underestimated the
sky, especially in crowded fields. In the years since, the SDSS has revised its pipelines (see
the DR9, Ahn et al. (2012), and subsequent data releases).
In addition, a number of other analyses have also provided improved estimates (Blanton
et al. 2011; Meert et al. 2015, 2016; Simard et al. 2011). One of the main goals of the present
work is to compare different estimates of the sky in the SDSS footprint, and to quantify the
impact this has on the estimated sizes, shapes, and luminosities of galaxies. Blanton et al.
(2011) argue that the SDSS values can be biased by as much as a magnitude for nearby
objects with large angular size (half-light radius ≥ 40 arcseconds). However, because the
bias is really associated with having a large angular size, the bias can still be significant (a

few tenths of a magnitude) for large objects (half-light radius ≥ 7 arcseconds) whether or

not they are nearby. There is a tight correlation between luminosity and physical size, so
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Figure 3.1: Difference in the total light estimated by the SDSS and PyMorph (i.e. Meert
et al. 2015) in DR7. Solid line with error bars shows the median in each bin in magnitude and
dashed lines show the region which contains 68% of the objects in the bin. Top panel shows
that SDSS DR7 cModel magnitudes and PyMorph DR7 SerExp magnitudes are similar except
for the most luminous galaxies, where PyMorph is brighter. Bottom panel shows the result of
replacing cModel with Model magnitudes; except for an overall offset, the trends are similar.
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even though the majority of luminous galaxies in the SDSS main galaxy sample tend to be
more distant (z ∼ 0.2) they still have relatively large angular sizes (≥ 7 arcseconds).

In addition to the sky, two other effects contribute to differences between SDSS pipeline

and more recent estimates of galaxy luminosities and sizes. One is trivial: when reporting
the total light in an image, the SDSS only integrates the surface brightness profile out to
about ∼ 7× the half-light radius. Others, such as PyMorph (Meert et al. 2013), do not
truncate. This amounts to a small systematic difference of order 0.05 mags for deV profiles,

but can be larger for Ser profiles (e.g. Kelvin et al. 2012). The second effect is more
interesting: it is the fact that the luminosity and size estimates depend on the model which
is fitted to the image. In what follows, this work will be careful to distinguish between these
three effects. For example, it is not obvious if models which have more freedom to better
fit the image will end up predicting more light or less.
There is another potential observational systematic: the deblending of overlapping
galaxies. However, this is resolved in Meert et al. (2015), who discuss how PyMorph handles
nearby neighbors, as well as polluted fits (those that could not be deblended). Their rate of
occurrence is subpercent, and PyMorph provides a flag identifying them, so it was simple
to exclude them from the analysis which follows.
The present study is timely because the Meert et al. analyses are based on SDSS DR7
images. However, significant changes to the SDSS imaging pipeline were implemented in
DR9, and remain in place in subsequent data releases.

3.2

Comparison of SDSS and PyMorph

The analysis which follows is based on the SDSS DR7 and DR9 Main Galaxy samples.
For these galaxies, the SDSS provides a number of photometric parameters on its website:
www.sdss.org. This study is most interested in the total magnitudes and half-light radii,
the best SDSS pipeline estimates of which are based on fitting exponential or deVaucouleurs
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Figure 3.2: Same as Figure 3.1, but now using DR9 values for the subset of 104 objects which
were used in Meert et al. (2013) to test PyMorph and for which we re-ran PyMorph using the
DR9 images.
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Figure 3.3: Comparison of PyMorph Sérsic photometric parameters in DR7 (Meert et al. 2015)
and DR9 (this work), showing that apparent magnitudes, half-light radii, and Sérsic indices are
essentially unchanged. PyMorph DR7 parameters are also valid for DR9.

38

3.2 Comparison of SDSS and PyMorph

profiles to the sky-subtracted image. Model magnitudes simply choose the better of the
two fits, whereas cModel magnitudes use a linear combination of the two best fits (a χ2 -like
goodness of fit metric is minimized to set the relative amplitudes of the components). Thus,
although they are the result of fitting two profile shapes, cModel magnitudes are not really
two-component fits.
In contrast to the SDSS cModel photometry, the best PyMorph SerExp photometry is
based on true two-component fits – a Sérsic bulge with an exponential second component
– in which the sky, assumed to be constant across the image, is also fit simultaneously (e.g.
Meert et al. (2015)). These fits were made using the DR7 release.

3.2.1

Motivation

We begin with a comparison of what are considered to be the best SDSS and PyMorph
photometry: cModel and SerExp magnitudes. Figure 3.1 shows that the two are in good
agreement, except at the bright end, where PyMorph is substantially brighter. The bottom
panel shows the result of replacing cModel with Model magnitudes. Except for an offset at
low and intermediate luminosities, both panels show similar trends. The similarity observed
at the bright end is expected because the vast majority of the most luminous galaxies are
E+S0s, so Model = deV and cModel ≈ deV.

The main goal of the present study is to determine which of the three culprits mentioned

in the Introduction of this Chapter are responsible for the offsets in Figure 3.1. In particular, it may be that the agreement between cModel and SerExp at faint and intermediate
luminosities is fortuitous.
Figure 3.1 was made using DR7 galaxies. However, between DR7 and DR9, a number
of parts of the SDSS pipeline were changed. The most important change is the SDSS sky
estimate, but how flux calibration is done, and so on, also changed (see Aihara et al. 2011
and Ahn et al. 2012 for details). Therefore, our first step is to determine if the changes
from DR7 to DR9 matter. Figure 3.2 shows a similar comparison as in Figure 3.1, but now
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Figure 3.4: Same as previous figure, but now for PyMorph SerExp fits. Since there are now
two components, the panel showing Sérsic index has been replaced by one showing B/T ratio.
Again, PyMorph DR7 parameters are valid for DR9, although the scatter around the median is
larger compared to Figure 3.3, since with more free parameters, there can be more degeneracies
between the best fit values.
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using DR9 values. To make this figure we ran PyMorph on a subset of 104 DR9 galaxies.
The chosen objects are the same as those used by Meert et al. (2013) when developing and
testing PyMorph. The distribution of the measured parameters of this subset reproduces
the distribution of all the observed galaxies in the SDSS DR7 main galaxy sample (see their
Figure 1). Comparison of Figure 3.2 with Figure 3.1 shows little difference: the discrepancy
between SDSS and PyMorph which was known to exist in DR7 persists in DR9.

3.2.2

Comparison of SDSS DR7 and DR9

We now consider if the best fitting PyMorph parameters have changed between DR7 and
DR9. Since PyMorph fits for the sky itself – it does not use the SDSS value – we expect
the change to the SDSS sky estimate to have little impact on the PyMorph fits. Figure 3.3
shows that this is indeed the case: the apparent magnitudes, sizes, and Sérsic indices
for PyMorph Ser fits are essentially unchanged. Figure 3.4 shows that this is also true
for PyMorph SerExp fits; because these are two-component fits, the bottom panel shows
bulge/total ratios rather than Sérsic indices. Both figures show that, although there is
scatter between the DR7 and DR9 values, it is similar to the statistical uncertainty on the
parameters (Meert et al. 2013). It should be noted that there is larger scatter for SerExp
than for Ser, because there are more free parameters and hence more potential degeneracies.
Therefore, figures 3.3 and 3.4 indicate that the PyMorph parameters of Meert et al. (2015,
2016) can be used essentially without modification even for DR9. (There are, of course,
other studies for which the difference between DR7 and DR9 or DR13 recalibrations do
matter.)

3.2.3

Effect of truncation

In what follows, we would like to compare the luminosity estimates of PyMorph and the
SDSS. Both report values based on fitted models; however, whereas PyMorph integrates
the fitted profile to infinity, the SDSS does not. If a two-dimensional Sérsic profile with
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Figure 3.5: Effect of truncation on the value of the reported total magnitude, as a function of
√
Sérsic index n. When the truncation radius is a fixed multiple of ab, then this difference does
not depend on a or b, and the effect of truncation is the same as truncating a spherical profile
√
with re = ab (grey solid line). However, if it is a multiple of a, then this difference depends on
b/a. Black solid curve shows the median value of this difference for SDSS E+S0 galaxies and
dashed curves show the region which enclose 68% of the values at each n.
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semi-major axis a and axis ratio b/a is truncated along a line of constant surface brightness,
then

1/n

Ltrunc = L∞

γ(2n, bn ρtrunc )
θtrunc
, where ρtrunc ≡ √ ,
Γ(2n)
ab

(3.1)

γ(m, x) is the incomplete gamma function, γ(m, ∞) = Γ(m), and bn is defined by requiring

γ(2n, bn ) = Γ(2n)/2. E.g., bn ≈ 7.669 when n = 4.

The ratio Ltrunc /L∞ clearly depends on n. Notice that if θtrunc is a multiple of

√

ab,

then, at fixed n, the correction is the same for all axis-ratios. For example, in their work
√
with the Galaxy and Mass Assembly survey, Kelvin et al. (2012) set θtrunc = 10 ab. For
reasons which will become clear shortly, the grey solid curve in Figure 3.5 shows θtrunc =
√
7.5 ab. This shows that, when n = 4, the correction is 0.07 mags. Unfortunately, the SDSS
truncation is more complicated: the SDSS website says that it truncates with a function
which drops from unity to zero between 7 and 8× the half-light radius. However, in the
√
database, the quantity which is called re is the semi-major axis a, rather than ab. In
addition, the actual form of this truncation has never been published. As we show below,
we are able to reproduce the SDSS values if we use a sharp truncation radius of 7.5a
p
√
making ρSDSS
a/b. (In particular, 7.5a works substantially better than
trunc ≈ 7.5a/ ab = 7.5
√
7.5 ab.) Hence, at fixed n, Ltrunc /L∞ is a monotonic function of b/a: since 0 ≤ b/a ≤ 1, the
correction is maximal when b/a = 1 and Ltrunc → L∞ as b/a → 0. Thus, at fixed n, there is
a range of corrections which depends on the distribution of b/a. Since our goal is to compare

with the SDSS, the black solid line in Figure 3.5 shows the median of 2.5 log 10 (Ltrunc /L∞ )
as a function n, and the scatter around this median (black dashed lines), for the PyMorph
Sérsic reductions of SDSS E+S0 galaxies when θtrunc = 7.5a. This shows that, when n = 4,
the correction is ∼ 0.05 mags, but when n = 8, then the median correction is ∼ 0.16 mags.

(For later type galaxies n is smaller so the correction is smaller; the blue dot shows the

correction if n = 1 and one truncates at 3.5× the half light radius.)
In what follows, we will be careful to indicate if the reported magnitudes were based on
truncation or not. However, the half-light radii we report are always those which include
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Figure 3.6: Magnitude differences shown as a function of Ser and SDSS Model magnitudes.
At the bright end, the choice matters; while using Ser magnitudes truncated at 7.5a reduces
√
the difference (truncating at 7.5 ab is almost identical to 7.5a), it is still true that plotting
versus Ser instead of SDSS Model magnitudes returns a substantially larger value for the mean
difference at the bright end.
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Figure 3.7: Same as previous figure, but now for SerExp rather than Ser photometry.
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L∞ /2; we never use the scale associated with Ltrunc /2.

3.2.4

Choice of regression and truncation

We remarked in the Introduction of this Chapter that the most massive galaxies appear
to be a structurally different population. So it should not be surprising if their surface
brightness profiles are also different in some way. If these are objects for which SDSS and
PyMorph photometry is particularly different, then plots versus PyMorph may look rather
different from plots versus Model, for the same reason that, in a Gaussian mixture model,
plots of y versus x can look very different from plots of x vs y. Figure 3.6 shows that
something like this happens in the SDSS data: The differences between Ser and Model
magnitudes increase at the bright end, but they look much larger when shown as a function
of Ser rather than Model magnitudes. Figure 3.7 shows that the same is true of SerExp
magnitudes.
The differences are reduced slightly if one uses truncated Ser or SerExp magnitudes,
since this reduces the analog of m in the example above, but it does not change the fact
that the choice of x-axis matters. While truncation matters, the net effect of truncation is
about half of what one would naively have expected from Figure 3.5. This is because the
correction depends on n, but the n-L correlation is weak. Although large L have larger
n, so truncation matters more for large L, there is substantial scatter around the mean n
which reduces the net effect. This is also why, in practice, it matters little (≤ 0.01 mags)
√
whether one truncates using 7.5a or 7.5 ab. Of course, truncation matters even less for the
SerExp fits.

3.3

Comparison of sky estimates

Our goal is to compare PyMorph and SDSS sky estimates. However, when fitting a model
to the observed galaxy image, PyMorph fits for the sky – assumed to have constant surface
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brightness across the image – simultaneously. Therefore, it is possible that the fitted sky
varies when the model which is fitted to the galaxy surface brightness profile changes.
This would make comparisons with the SDSS sky estimate depend on the fitted model.
Fortunately, Figure 3.8 shows that the estimated sky is essentially the same whatever the
fitted model. (We have plotted versus truncated magnitudes. Of course, the y-axis legend
does not specify truncated because the sky estimates do not depend on (i.e. are the same)
whether or not we truncate.)
This has two consequences. First, when comparing the PyMorph sky with other estimates, we do not need to specify if it is the deV sky, the Ser sky, or the SerExp sky,
since, for the present purposes, they are all the same. We exploit this fact in Section 3.3.1.
Second, the similarity in sky values indicates that differences between PyMorph models are
not driven by the sky. We use this fact in Section 3.4.
We are now ready to compare background sky estimates with those from PyMorph,
for which we use the SerExp sky value. Figure 3.9 compares background sky estimates
from SDSS DR7, S11, and PyMorph DR7 SerExp. The PyMorph sky is faintest and SDSS
brightest, with the S11 sky lying closer to the SDSS at the faint and intermediate luminosities and in between at the bright end. The differences from PyMorph are particularly large
for objects with large angular sizes or luminosities.
While it is tempting to conclude that S11 is the most prudent choice because it lies
between the other two, Figure 3.10 shows that the PyMorph sky estimate is in excellent
agreement with that of B11. In contrast to the previous figure, this one uses DR9 images,
for which S11 values are not available.
The PyMorph and B11 sky values were determined in very different ways. Those of
B11 are based on fitting the masked background sky for each SDSS scan with a smooth
continuous function across the sky. (In Figure 3.10, we used the B11 sky value measured at
the center of the galaxy image since the variation of the sky value on the scale of a galaxy
is very small.) In contrast, the PyMorph sky is determined on an object-by-object basis.
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Figure 3.8: Comparison of PyMorph DR9 sky estimates from Sérsic and SerExp fits to images
of all galaxies, and from deVaucouleur and SerExp fits to E+S0s. The estimated sky depends
very weakly on which model is fitted to the image. Therefore, in what follows, we use the
PyMorph SerExp sky as representative of all PyMorph sky values.
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Figure 3.9: Comparison of background sky estimates from SDSS DR7, S11, and PyMorph
DR7 SerExp (i.e. Meert et al. 2015), shown as a function of apparent size (left) and absolute
magnitude (right). The PyMorph sky is faintest and SDSS brightest, particularly for objects
with large angular sizes and/or luminosities. The S11 sky lies closer to the SDSS than to
PyMorph.

Figure 3.10: Comparison of background sky estimates from SDSS DR9, Blanton et al. (2011;
B11), and PyMorph DR9 SerExp (i.e. this work), for the same subset of 104 galaxies which
were used to make Figure 3.2. Left and right panels show results as a function of angular size
and luminosity. B11 and PyMorph are in excellent agreement with one another, whereas SDSS
DR9 is clearly brighter.
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Figure 3.11: Difference between the SDSS DR9 and PyMorph DR9 estimates of the total
(truncated) light, based on fitting a deVaucouleur profile to the image of an E or S0 galaxy.
Black symbols and curves show results when PyMorph is allowed to fit its own sky on the DR9
subset of galaxies; yellow symbols and curves are when it is forced to use the SDSS sky value.
The agreement between the black and yellow curves suggests that PyMorphSDSSsky,deV,trunc is a
good proxy for SDSSdeV. The gray curve shows the comparison of the much larger (∼ 60×)
sample between SDSS DR9 and PyMorph DR7 (i.e. Meert et al. 2015). The SDSS estimate
is systematically fainter and this difference increases for the galaxies with the largest angular
sizes (left) or luminosities (right). Bottom set of panels shows a similar comparison of PyMorph
estimates when the sky is fixed to that of Blanton et al. (2011; B11) and when it is not: the
differences are negligible and the scatter is smaller compared to the top panels.
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Therefore, the agreement between the two is nontrivial, and strongly suggests that these
two estimates are to be preferred over the others. Note also that the scatter around the
median is symmetric, whereas in the comparison with SDSS it is not.
B11 argue that their sky estimates represent a substantial improvement over the standard SDSS catalog results and should form the basis of any analysis of nearby galaxies using
the SDSS imaging data. Figure 3.10 shows that, in fact, this is not restricted to nearby
galaxies: e.g., for all galaxies with apparent sizes ≥ 7 arcseconds, the SDSS sky is biased

(left panel) (we quantify its effect on photometric parameters in Section 3.3.1). In the SDSS
main galaxy sample these tend to be galaxies with large luminosities (right panel) which
are typically in crowded fields. The agreement between B11 and PyMorph in both panels
suggests that, in contrast to the SDSS, PyMorph is unbiased for large luminous galaxies.

3.3.1

Sky-related biases when fitting deVaucouleurs profiles to E+S0s

Having determined that the PyMorph/B11 sky is to be preferred, we now consider how the
choice of sky biases the inferred parameters. We begin with a study of the only case in which
a direct comparison (i.e. same model fit) with SDSS is possible: fitting a deVaucouleurs
profile to images of E+S0 galaxies. For morphological type, we use the Bayesian automated
classifications of Huertas-Company et al. (2011): each galaxy is assigned weights which
represent the probabilities that it is Elliptical, S0, Sab or Scd. We restrict to E+S0s since
a deVaucouleurs profile is known to not fit other morphological types well, and we do not
wish to confound the question of sky-related biases with biases arising from fitting a bad
model.
The top panel of Figure 3.11 shows the difference between the SDSS DR9 and PyMorph
estimates of the total (truncated) magnitude. The black curve shows results for the DR9
E+S0 subset while the grey curve shows the results for the larger (∼ 60×) PyMorph DR7
E+S0 sample. These curves show that SDSS is fainter, and this difference increases for the
largest (left) and most luminous (right) galaxies. This is a consequence of three effects:
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Figure 3.12: Sky-related biases associated with PyMorph DR9 SerExp fits to all galaxies
(not just E+S0s). Top halves of top two panels show that the brighter SDSS sky biases the
estimated SerExp magnitude fainter, and this bias is most severe for the most luminous (left)
and/or largest (right) galaxies. Bottom halves show there is no bias if the Blanton et al. (2011;
B11) sky is used. Although the scatter is similar to that in the bottom left panel of Figure 3.11,
degeneracies between the fitted SerExp parameters and the fitted sky contribute to increased
scatter at high luminosities. Bottom panels show that the SDSS sky leads to fainter magnitudes
for large galaxies, and smaller sizes and B/T values for luminous galaxies, but that there are
no such biases associated with the B11 sky values.
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Figure 3.13: Same as previous figure, but now for Ser rather than SerExp fits to all galaxies,
so bottom right panel shows the change in n rather than B/T. The SDSS sky biases the total
light, half light radius, and n towards lower values especially at large luminosities and angular
sizes, but there are no such biases associated with the B11 sky values.
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(i) the SDSS sky is brighter, so galaxies with large angular radii tend to have their sizes
reduced by a bigger factor, as a result of which less light is assigned to the galaxy; (ii) the
total magnitude is computed by integrating the surface brightness profile, and our model
of how the SDSS truncates this integral (equation 3.1 and related discussion) may not be
accurate; (iii) the SDSS and PyMorph fitting routines are systematically different.
To remove the latter two effects, the yellow curve shows the difference between forcing
PyMorph to use the SDSS sky values when fitting and the original PyMorph value. Since
both estimates are from PyMorph DR9, effects (ii) and (iii) have been removed, so the
yellow curves differ from zero entirely because of the differences in sky values (the SDSS
sky is brighter). Moreover, the fact that these yellow curves agree with the previous black
ones to better than 0.01 mags strongly suggests that we have modelled the SDSS truncation
algorithm correctly: PyMorphSDSSsky,deV,trunc is a good proxy for SDSSdeV . (As an aside,
this means that the good agreement at magnitudes fainter than ∼ −22 mag in the top

panels of figures 3.1 and 3.2 is fortuitous, at least where the contribution from E+S0s is
significant.)
Figure 3.10 shows that while the SDSS sky is brighter than PyMorph, the B11 sky is in
excellent agreement across the entire population. The bottom panels of Figure 3.11 show
that if PyMorph is forced to use the B11 sky estimate rather than its own (in practice, this
means PyMorph is made to fit the B11 sky-subtracted image provided on the SDSS website,
while forcing its own additional sky estimate to be zero across the image), then the median
difference in magnitude is negligible. Notice that the scatter around the median is less than
0.03 mags; this level of agreement is remarkable. Comparison of the top and bottom panels
shows that the sky can introduce biases of order 0.1 mags or more for the most luminous
objects when fitting deVaucouleurs profiles.
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3.3.2

Sky-related biases in Ser and SerExp fits

We now consider sky-related biases when fitting other models. Figure 3.12 shows results for
PyMorph SerExp fits to all galaxies as the restriction to E+S0s is no longer necessary. The
yellow curves in the different panels show that the brighter SDSS sky biases the estimated
SerExp magnitude fainter, and this bias is most severe for the largest (top left) and/or most
luminous (top right) galaxies; it also biases the half-light radii and B/T values to smaller
values (bottom left and right, respectively). For PyMorph SerExp fits the biases arising from
the SDSS sky are significantly larger than when fitting deVaucouleurs profiles. However,
there are no such biases associated with the B11 sky values (red curves). On the other hand,
although the scatter is similar to that in the bottom left panel of Figure 3.11, degeneracies
between the fitted SerExp parameters and the fitted sky contribute to increased scatter at
high luminosities.
Figure 3.13 shows a similar analysis of Sérsic rather than SerExp fits. In this case, there
is only one component, so the bottom right panel shows the Sérsic index n rather than B/T.
Again, the SDSS sky biases the estimated Ser magnitude fainter, and this bias is most severe
for the most luminous (top left) and/or largest (top right) galaxies; note that now the bias
can be as large as 0.4 mags – substantially larger than when fitting deVaucouleurs profiles.
The SDSS sky also biases the half-light radii and Sérsic indices to smaller values (bottom
left and right, respectively). While there are no such biases associated with the B11 sky
values, there are hints of a small bias at the largest angular sizes and luminosities. Since
there are fewer free parameters compared to SerExp, and therefore fewer degeneracies, we
would expect the scatter around the zero-median to be smaller. This is indeed the case for
intermediate and low luminosity galaxies which usually have a Sérsic index n < 4. A Sérsic
fit with a higher n is more sensitive to differences in the background sky (Meert et al. 2013).
Thus, the larger scatter observed at large sizes and/or luminosities is due to the fact that
the most luminous galaxies usually have n ≥ 4.
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Figure 3.14: Difference between SDSS DR9 Model and PyMorph DR9 SerExp (truncated)
magnitudes when PyMorph fits its own sky (black), and when the sky is fixed to that of
Blanton et al. (2011; B11) (red) of the DR9 subset of 104 galaxies. Top panel shows results
for all galaxies; bottom panel shows the subset of galaxies classified as E+S0s. The gray curves
in the two panels show the comparison between SDSS DR9 Model and PyMorph DR7 SerExp
magnitudes of the much larger (∼ 60×) sample.
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The results of this subsection have an interesting connection to recent work. D’Souza
et al. (2015) state that image stacking is essential for recovering unbiased estimates of the
total light. Their stacks were of DR9 sky subtracted images, meaning that they assumed the
B11 sky estimate was correct. The results in the bottom halves of each panel in figures 3.11–
3.13 were based on analyses of individual images. Since no stacking was performed when
fitting, the lack of bias between the full PyMorph values and those when the sky is fixed to
that of B11 shows that stacking is not a prerequisite for obtaining unbiased results.
In this context, it is interesting to compare the difference between PyMorph SerExp
and SDSS Model magnitudes. Bernardi et al. (2017a) have already shown that the median
difference is the same as what D’Souza et al. find from their stacking analyses (see their
Figure 2). But they left open the question of the scatter around the median. Since their
work used SerExp magnitudes in which PyMorph also fit for the sky, it is possible that
some of the scatter is reduced when PyMorph is forced to use the B11 sky. The top panel
of Figure 3.14 shows that this is not the case: the differences between PyMorph SerExp
and SDSS Model magnitudes when PyMorph fits its own sky and when the sky is fixed to
that of B11 are very similar, not just in the median but also the scatter around it. (Because
we are using truncated magnitudes, comparing PyMorph to SDSS quantities, the offset
from zero is due to differences in sky and fitted-model only.) This strongly suggests that
the scatter reflects true differences between SerExp and Model (i.e. deV) models; it is not
dominated by degeneracies arising from fitting the sky simultaneously. To remove trends
which arise from morphology, the bottom panel shows a similar analysis for the subset of
galaxies classified as E+S0s. While the trends differ especially at low luminosities – where
non-E+S0s begin to dominate in the top panel – it is still true that changing from PyMorph
to B11 sky values makes little difference.
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3.4

Dependence on fitted model

Having shown the large biases associated with the SDSS, we now turn exclusively to PyMorph values. Recall that the PyMorph sky values are essentially the same for all fitted
models (Figure 3.8), so that comparison of different PyMorph fits show how the luminosity
and size depend on the functional form assumed for the surface brightness profile. Also,
when comparing results from deVaucouleurs profiles we show results for E+S0s only to
avoid the issue of biases which arise from using a functional form which is known to provide
a poor fit.
Figure 3.15 shows that SerExp fits to E+S0s return more light than deV fits especially
at large luminosities (up to ∼ 0.2 mag); when shown as a function of SerExp luminosity, the

difference is largest for the most luminous galaxies. (This analysis was done using the DR7

E+S0s, for which PyMorph reductions are available, since it is much larger (∼ 60×) than
the subset of DR9 galaxies on which PyMorph was rerun. The result from the DR9 subset
is noisier, but otherwise very similar, so we have not included a separate figure showing it.)
The difference due to fitting different models is similar in amplitude to that in Figure 3.11, which was due to differences in the estimated sky. However, the dependence on
choice of regression is more dramatic here than in figures 3.6 and 3.7 because there the effects
of the sky somewhat compensated for the difference in profiles. By using only PyMorph
quantities here, the sky effects have been removed.
Figure 3.16 shows a similar comparison, but now between SerExp and Ser fits to DR7
E+S0s. Clearly, SerExp is about 0.1 mags fainter and 10% smaller across the E+S0 population. Finally, Figure 3.17 compares SerExp and Ser fits to the full DR7 population. At
high luminosities, this figure is very similar to the previous one, because most high luminosity galaxies are E+S0s. However, there are small differences at low luminosities. These
indicate that Sérsic luminosities and sizes of non-E+S0s must be fainter and smaller than
the corresponding SerExp values.
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The differences between the cyan and magenta curves in figures 3.15 and 3.16 at the
high luminosity end strongly suggest that the most luminous galaxies have different surface
brightness profiles from the bulk of the population. This can be understood as follows.
Suppose we have two populations, both of which span the same range of deV. Assume that,
for one, Ser=deV, but that Ser=deV−m for the other (i.e. Ser is m mags brighter). Let f
denote the fraction of objects in this second population. Then, a plot of ∆M ≡ deV − Ser

when shown as a function of deV will look like two horizontal lines, one lying m mags above
the other, like this: =. The average of ∆M when shown as a function of deV will equal

f m. However, when shown as a function of Ser, the second population will be displaced
brightwards along the x-axis:

−. As a result, where the two populations overlap, the

mean ∆M will still be f m, but at the brightest Ser the mean will be m. If the second

population only spans a limited range of deV, − = −, then the average as a function of

deV will show curvature, and may not even be monotonic, whereas the other may still be
monotonic: −− =. Alternatively, suppose that when plotted as a function of Ser, ∆M is
made of two populations:

|. Then, when plotted as a function deV, this will look like \.

Again, the plot versus Ser will be monotonic, whereas that versus deV will not. In practice,

this mix of populations means that if one wishes to use the mean of ∆M as a measure of
the difference between deV and Ser, then one must specify which variable was being held
fixed (we made a similar point in the context of figures 3.6 and 3.7).

3.5

Conclusions

In both SDSS DR7 and DR9, PyMorph returns brighter estimates of the total light of a
galaxy than either SDSS Model or cModel magnitudes (figures 3.1 and 3.2). While the SDSS
values have changed slightly between DR7 and DR9, the PyMorph fits to the DR7 release
provided by Meert et al. (2015, 2016) remain accurate for DR9 as well (figures 3.3 and 3.4).
Some of the difference with respect to the SDSS arise from the fact that the SDSS value for
the total brightness comes from truncating the integral over the surface brightness profile
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(figures 3.5, 3.6, and 3.7). We believe we understand the truncation algorithm (Figure 3.11
and related discussion), and so in all our subsequent comparisons with the SDSS, we have
truncated the PyMorph values using a similar algorithm (equation 3.1) so that truncation
plays no further role in the PyMorph-SDSS differences.
The sky estimated by PyMorph is almost completely independent of the model used to
fit the galaxy (Figure 3.8). The PyMorph sky estimates are fainter than those of the SDSS
DR7 or DR9 pipelines (Figure 3.9), but are in excellent agreement with the estimates of
B11 (Figure 3.10). The difference in sky accounts for about half of the discrepancy shown
in figures 3.1 and 3.2. In addition, there is an overall offset of about 0.07 mags which
comes from the fact that the SDSS value for the total brightness comes from truncating the
integral over the surface brightness profile (Figure 3.7). The remainder arises from fitting
different models.
Use of the SDSS sky biases luminosities and half-light radii to lower values; in the main
SDSS galaxy sample these biases are significant (a few tenths of a magnitude) at large
luminosities: they matter not just for nearby galaxies. The biases become even worse when
allowing the model more freedom to fit the surface brightness profile (figures 3.11–3.13).
When PyMorph sky values are used, the SerExp fits to E+S0s return more light than
deV fits especially at large luminosities (up to ∼ 0.2 mag), but less light than Ser fits

(Figure 3.16). For non-E+S0s, which are dominant towards lower luminosities, Sérsic luminosities and sizes are slightly fainter and smaller than SerExp (Figure 3.17).
Our findings show that, especially at large luminosities, SDSS pipeline values should
not be used: PyMorph estimates are much more reliable. Of these, Meert et al. (2013)
and Bernardi et al. (2014) have already shown that the SerExp values are to be preferred.
The PyMorph SerExp values are also consistent with results obtained via the stacking
analysis of D’Souza et al. (2015, Figure 3.14; see also Figure 2 in Bernardi et al. 2017a).
This is reassuring because the two analyses are very different. However, this does raise
the question of why SerExp is better than SDSS pipeline photometry. For example, since
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Figure 3.15: Comparison of the half-light radii (top) and the total light (bottom) returned by
PyMorph when fitting deVaucouleur and SerExp models E+S0s. SerExp fits tend to be brighter
and larger. At the brightest luminosities the difference between SerExp and deV is large enough
that plotting versus one or the other makes a significant difference. When shown as a function
of SerExp luminosity, the difference is largest for the most luminous galaxies. Figure 3.8 shows
that the sky is essentially the same for these fits, so the differences are almost entirely due to
the increased freedom which the SerExp model has compared to deV.
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Figure 3.16: Same as previous figure, but now comparing PyMorph SerExp and Ser fits for
E+S0s. SerExp tends to be slightly smaller and brighter; at the brightest luminosities the
difference is larger so plotting versus Ser or SerExp luminosity matters.

the largest discrepancies occur at high luminosities, and the most luminous galaxies are
preferentially found in clusters, is it possible that the SerExp fits are different because the
second component is actually fitting intracluster light? Chapter 4 show that for the vast
majority of massive galaxies this is almost certainly not the main reason for the difference.
The assembly history of a galaxy is expected to leave an imprint on its surface brightness
profile. Indeed, we find significant evidence that the surface brightness profiles of the
most luminous galaxies suggest that they are a distinct population (figures 3.6, 3.7, 3.15,
and 3.16). Therefore, we hope our results will inform studies of the assembly histories of
the most massive galaxies.
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Figure 3.17: Same as previous figure, but now for all galaxies. Since most high luminosity
galaxies are E+S0s, comparison with the previous figure shows differences only at low luminosities: for non-E+S0s, Sérsic luminosities and sizes tend to be fainter and smaller than their
corresponding SerExp values.
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PyMorph for SDSS-III and
Beyond: ICL
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Chapter 4

4.1

Introduction

The observed magnitudes reported by the Sloan Digital Sky Survey (SDSS) are underestimated, especially at the highest luminosities (e.g. Bernardi et al. 2007; Von Der Linden
et al. 2007; Bernardi et al. 2013; D’Souza et al. 2015; Meert et al. 2015; Bernardi et al.
2017b). In the previous chapter, Chapter 3 (Fischer et al. 2017), it is shown that this is due
to a combination of sky background and model fitting effects: (i) The SDSS overestimates
the sky background (Blanton et al. 2005; Bernardi et al. 2007; Hyde and Bernardi 2009;
Blanton et al. 2011; Meert et al. 2015), and (ii) single- or two-component Sérsic model
based estimates of galaxy luminosities are more reliable than estimates based on singleexponential, single de Vaucouleurs, or a linear combination of the best-fitting exponential
and de Vaucouleurs models (the so-called cModel magnitudes) used by the SDSS pipeline
(e.g. Bernardi et al. 2010; Bernardi et al. 2014). In Chapter 3 it is shown that PyMorph
sky estimates are fainter than those of the SDSS DR7 or DR9 pipelines, but are in excellent
agreement with the estimates of Blanton et al. (2011). The PyMorph Sérsic-based estimates
(Meert et al. 2013, 2015, 2016) are more reliable and return more light than SDSS estimates,
and the difference is most pronounced at the highest luminosities. This can have a dramatic
impact on the estimated z ∼ 0.1 luminosity and stellar mass functions (Bernardi et al. 2013,

2016, 2017b), and hence on halo model (Cooray and Sheth 2002) based estimates of the
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relation between stellar and halo mass (Kravtsov et al. 2018; Shankar et al. 2014). They
also affect models for the formation of the massive galaxies because they affect estimates of
the mass scale on which galaxy scaling relations show curvature (Bernardi et al. 2011).
The most luminous galaxies reside in or at the centers of clusters. Since clusters are
known to possess intracluster light (hereafter ICL), it is natural to ask if the PyMorph
Sérsic-based photometry, with its improved sky estimates, is brighter than the SDSS measurements (i.e. Model or cModel magnitudes) because it includes more of this ICL component. Previous work, based on stacked images of central galaxies of massive clusters,
suggests that the ICL contributes only substantially to the surface brightness profile on
scales larger than 50 kpc (Zibetti et al. 2005), where the surface brightness has dropped
below about 27 mag arcsec−2 . A stacking analysis of LRGs suggests that this scale may be
even larger for lower mass groups (Tal and van Dokkum 2011). For the vast majority of
central galaxies in the SDSS, this corresponds to a scale where the surface brightness has
dropped to less than 1 percent of the sky brightness, making it extremely difficult to detect
in individual images. While this means that it is very unlikely that the ICL contributes
substantially to the PyMorph reductions, in what follows, this work provides additional
evidence that the PyMorph-SDSS difference is unlikely to be due to ICL.
The logic is simple: Since the ICL should be centered on the cluster center, and is
expected to be fainter at larger cluster-centric distances, it is reasonable to suppose that
it will affect the photometry of the central galaxy more than the satellites. The ICL is
also expected to be fainter around central galaxies in less massive groups. Therefore, this
work studies whether the difference between PyMorph and SDSS magnitudes depends on
whether the galaxy is a central or a satellite, as well as whether it depends on cluster mass.

66

4.2 Comparison of PyMorph and SDSS Luminosities: The Main Galaxy
Sample

4.2

Comparison of PyMorph and SDSS Luminosities: The
Main Galaxy Sample

4.2.1

The parent galaxy sample

The analysis that follows is based on the main galaxy sample of the Ninth Data Release
of the Sloan Digital Sky Survey (hereafter SDSS DR9; Aihara et al. 2011); the sample is
limited to a Petrosian r-band apparent magnitude of mrP et ≤ 17.7. (These conclusions are
unchanged if DR7 values are used instead of DR9.) To about ∼660 000 of these (those at

z ≤ 0.25), Huertas-Company et al. (2011) have assigned Bayesian automated morphological

classification weights that represent the probabilities that the galaxy is elliptical, S0, Sab,
or Scd. The vast majority of the most luminous galaxies are Es or S0s, so, in what follows,
the E+S0 weight is defined to equal p(E + S0) ≡ p(E) + p(S0).

For every DR9 galaxy, the SDSS pipeline provides Model magnitudes, which are based

on separately fitting an exponential and a de Vaucouleurs form to the surface brightness
profile and choosing the value returned by the model that fits best. Hence, for essentially
all E+S0s, the Model magnitude is that from the de Vaucouleurs fit. (The conclusions are
unchanged if we use cModel magnitudes.)
The Model magnitudes that will be compared with single component Sérsic and twocomponent Sérsic-exponential fits (Ser and SerExp, respectively) are the same objects provided by Meert et al. (2015). These Ser and SerExp fits are returned by the PyMorph
algorithm, which is described and tested in (Meert et al. 2013, 2015, 2016) and used by
(Bernardi et al. 2017b, 2016, 2013, 2014). Although those tests were based on DR7 objects,
Chapter 3 shows that the difference between DR7 and DR9 is negligible for PyMorph, i.e.
the parameters provided by Meert et al. (2015) for DR7 can also be used for DR9. The two
component SerExp fits are the most accurate (i.e. least biased) of the PyMorph outputs
(Meert et al. 2013; Bernardi et al. 2014). For this reason, these are used in the main text,

67

4.2 Comparison of PyMorph and SDSS Luminosities: The Main Galaxy
Sample

though are touched upon briefly in the text as single component fits are much more common
in the literature.
These results are presented as a function of stellar mass M∗ . For a given luminosity
(e.g. Model, or SerExp), M∗ is obtained by multiplying L by the dust-free M∗ /L estimates
of Mendel et al. (2014) assuming a Chabrier (2003) initial mass function. Bernardi et al.
(2017b) describe a number of other reasonable choices of M∗ /L. The results that follow are
robust to changes in this choice.

4.2.2

Example profiles and fits

Before showing results of a statistical analysis, it is useful to look at a few representative
images. This helps build intuition for what it is that will be averaged. The aim here is to
directly address what previous work based on stacked images implies for this analysis of
individual images. This work is particularly interested in the effects of the ICL. If ICL is
defined as being an excess above the best-fitting deV profile, then it is expected to contribute
significantly only on scales larger than 50 kpc (Zibetti et al. 2005). On the other hand, if
ICL is a departure from the best-fitting Ser profile, then the relevant scale may be about a
factor of 2 larger (Tal and van Dokkum 2011).
Figs 4.1-4.3 show the surface brightness profiles of three luminous (Mr ≤ -23) galaxies

in the SDSS main galaxy sample, which are at a range of distances (z = 0.06, 0.15 and 0.25).
As the primary interest here is in the role of the ICL, all three objects are central galaxies
in the group catalogs used extensively later in this chapter. In all cases, the top panels show
the image, the middle panels show the best 2D PyMorph SerExp fit and residuals from it,
and the bottom panels show 1D angular averages of the profile, the fit, and residuals (the
latter are computed as fit-data). The 2D residuals show the image including sky, whereas in
those at the bottom, the sky has been subtracted. These bottom panels are for illustration
only, as the fitting was done in 2D with more care taken to remove light associated with
the other objects in the field. The legends on either side provide a wealth of information
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Figure 4.1: Image (top panels) and 2D SerExp fit and residuals (middle panels) of an object
for which the SerExp fit indicates a half-light radius Rhl = 12.68 kpc. The axis labels are
in arcseconds and the color scale is in mag arcsec−2 (the residuals are computed as fit-data).
The legends on either side provide a wealth of information about the parameters of the fit.
The 2D data images are shown with background sky included, while the 1D angular average
profile shown in the bottom panel (black points) is computed using the background subtracted
data. The dot-dashed vertical lines in the bottom panels show the half-light radius (Rhl in
arcseconds) and its multiples. Dashed and dotted horizontal lines show the measured sky level
and 1 percent of its value, respectively. The surface brightness profile of this galaxy drops to 1
percent of sky at a scale that is about 4 ×Rhl . Whereas the fitting is done in 2D, and accounts
for the profiles of the other objects in the field, the residuals - and the 1D angular averages
shown in the bottom panel - do not. Hence, one should resist the temptation to associate the
fact that the data in the bottom panels are slightly brighter than the SerExp fit with ICL; some
of the apparent excess is due to the extended profiles of the other objects in the group, rather
than ICL. A single Ser fit to this object has nSer = 5. The bulge component of the SerExp fit
is very similar to a single deV fit. The departure from a deV profile is observed at ∼1Rhl ∼ 13
kpc, which is much smaller than the 50-100 kpc scale expected for the ICL

69

4.2 Comparison of PyMorph and SDSS Luminosities: The Main Galaxy
Sample

Figure 4.2: Same as the previous figure, but now for a more luminous object that is more
distant. In this case, the SerExp fit has Rhl = 13.37 kpc; R1%sky is four times larger. Inside
R1%sky , sky, a single Ser profile with nSer = 5.2 also provides a good fit (not shown).
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Figure 4.3: Same as the previous figure, but now for an object of similar luminosity that is
even more distant. In this case, Rhl = 18.07 kpc and R1%sky is three times larger. A single Ser
profile with nSer = 7.9 provides a good fit inside R1%sky (not shown).
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about the parameters of the fit (see Meert et al. 2015 for details). In all cases, the image
cutouts are labelled in units of arcseconds, and the color scale is in mag arcsec−2 .
Figure 4.1 shows a galaxy that was selected because of its large apparent brightness
(mr ∼ 14.3), so that the dynamic range between the half-light radius Rhl and the scale
R1%sky on which the profile has dropped to 1 percent of sky is large. The SerExp absolute

magnitude of this object is ∼-23 and Rhl ≈ 13 kpc. For this object, R1%sky ≈ 50 kpc; note

that there is no obvious feature in the profile shape on scales smaller than this. Indeed,
a single Ser fit to this object has nSer = 5 and is not very different from the best-fitting
SerExp profile shown by the solid curve in the bottom left-hand panel. The dashed curve
in the same panel shows the bulge component of the SerExp fit (a single Sérsic profile with
n ≈ 4, meaning that this bulge component has a deV profile). Beyond about 10 arcsec
from the center – i.e. beyond about Rhl – the second component (dotted curve) is clearly
necessary. Note, in particular, that this second component, which describes light in excess
of a deV profile, is necessary on scales that are much smaller than the 50 kpc associated
with the ICL.
Figure 4.2 shows a more luminous (Mr = -23.65) and distant (z = 0.15) central galaxy
with mr ≈ 16. For this object too, the bulge component is not too different from a deV

profile, but the second component is necessary even on scales as small as 15 kpc. A single
Ser profile with n = 5.2 also provides a good fit on all scales smaller than R1%sky .

Figure 4.3 shows another object of similar luminosity, but at even higher redshift, so
its apparent magnitude is significantly fainter (mr ∼ 17.4). Comparison with the bottom
left-hand panels of the previous figures shows the reduced dynamic range, which makes it
more difficult to detect departures from a single Ser fit, which, in this case, has nSer = 7.9.
As for the previous two examples, the bulge is closer to deV, and the need for a second
component is already evident on scales of the order of 20 kpc.
Thus, to the extent that these galaxies are representative of all central galaxies, these
figures make two points. First, departures from a deV profile are almost always detected
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with high significance (see also Gonzalez et al. 2005; Bernardi et al. 2007). Moreover, a
pure deV profile becomes a poor fit on much smaller scales than is reasonable to associate
with the ICL. Secondly, if the ICL is associated with departures from a single Ser (rather
than deV) fit, then if this occurs, it is at surface brightnesses that are too faint to be seen
in individual images. Therefore, the departures from a pure deV profile, which PyMorph
detects in its Ser or SerExp fits and which are the subject of this paper, likely reflect
differences in star formation or assembly histories, rather than ICL.
It is now apt to turn to a statistical analysis of these differences having illustrated that
differences from deV photometry are common.

4.2.3

Comparison of SDSS and PyMorph Pipelines

Fig. 4.4 shows a comparison of SDSS Model and PyMorph SerExp magnitudes; a similar
analysis using Ser magnitudes is shown in Figure 4.12. Here, as in most of the figures that
follow, objects have been weighted by p(E + S0). This weighting ensures that the sample
the work uses is for the case where Model = de Vaucouleurs and removes the question of
how the morphological mix affects the PyMorph-SDSS comparison.
Symbols with error bars show the median and the error on it (only bins with more
than 50 objects are shown), and dashed curves show the region that encloses 68 percent of
the sample in each absolute magnitude bin. The SDSS Model magnitudes are increasingly
fainter as luminosity increases. Some of the differences in Fig. 4.4 are simply due to the fact
that SDSS magnitudes are based on integrating the fitted profile to approximately 7.5×
the semimajor axis ae , whereas PyMorph does not truncate. For this reason, the result of
truncating the PyMorph fits is shown as well: this makes them fainter (by less than 0.1 mag
on average), but other than this shift, the overall trends with luminosity are unchanged.
Therefore, truncation is not the primary reason why SDSS is fainter (see Sections 3.2.3
and 3.2.4 for more discussion on truncation).
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Figure 4.4: At high luminosities, the mean magnitude difference between SDSS Model and
PyMorph SerExp magnitudes depends strongly on which quantity is used as reference. Truncating the PyMorph magnitudes similarly to what is done for the SDSS makes them fainter by
≤0.1 mag on average; it is not the dominant effect.
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Chapter 3, shows that once truncation has been accounted for, there are two effects
that contribute to biasing SDSS low (rather than biasing PyMorph high). These are due to
differences in how the background sky is estimated, and what model is fitted to the surface
brightness profile. Regarding the first effect, there is now general consensus that the SDSS
treatment of the sky is flawed. This affects not only nearby galaxies (as emphasized by
Blanton et al. 2011) but also high-luminosity galaxies that have relatively large angular sizes
and tend to be in crowded fields (Chapter 3, and references therein). PyMorph attributes
less light to the sky than the SDSS; as a result, it assigns more light to the galaxy than the
SDSS. Chapter 3 also shows that PyMorph sky estimates are in excellent agreement with
those of Blanton et al. (2011). About half of the bias at high luminosities arises from fitting
different models (the second effect). At the high-luminosity end, most galaxies are E+S0s,
for which the SDSS Model magnitudes are essentially deV magnitudes, and deV fits return
less light than SerExp or Ser fits.

4.3

GALAXY GROUPS IN THE SDSS

The goal is to check if the differences between PyMorph and Model photometry shown in
Fig. 4.4 depend on whether a galaxy is a central or a satellite. To achieve our goal, two
group catalogs are used in which centrals and satellites have been identified. One of these is
from Yang et al. (2007) (the DR7 version, hereafter Yang+) and the other is the redMaPPer
sample of Rykoff et al. (2014). Whereas the former identifies groups spanning a wide range
of masses, the latter identifies only the very most massive clusters (the redMaPPer algorithm
is not well suited for identifying lower mass/richness groups).

4.3.1

Description of group catalogs

The redMaPPer sample is drawn from the SDSS DR8 footprint, which covers ∼10 000 deg2 .

Groups are identified on the basis of angular positions and color. Of the 1.7 × 106 objects in
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Figure 4.5: Distribution of E+S0s that are in both the Yang+ and the redMaPPer catalogs. The
Yang+ definition of MHalo means that there is a tight correlation between MHalo and Model
magnitudes, especially at smaller masses. Many of the objects that Yang+ classify as being
centrals in groups less massive than 1014 M⊙ are called satellites by redMaPPer (the redMaPPer
satellites are all the points that are not brown). Only above 1014 M⊙ do the two groups agree
on the central-satellite classification.
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Figure 4.6: Redshift and luminosity distribution of objects in the group catalogs we use. Grey
histograms in the two panels show the distribution in the full sample. Other linestyles are as
indicated in legend in the bottom panel. At z ≤ 0.25, objects were weighted by the probability
of being an E+S0. Only z ≤ 0.25 objects were used to make the histograms in the bottom
panel. Note that the Yang+ catalog includes only galaxies at z ≤ 0.2; restricting the full sample
(grey histogram) to galaxies with z ≤ 0.2 gives the same distribution as for the full Yang+
catalog (black histogram). Note that the vast majority of objects having −23.4 ≤ Mr ≤ −22.4
are centrals in groups less massive than 1014 M⊙ . Using the Yang+SerExp catalog (described in
Section ??) and plotting versus SerExp magnitudes instead mainly shifts the counts to brighter
magnitudes, but the differences between the samples remain.
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2.6 × 104 groups in the redMaPPer sample, Meert et al. provide only PyMorph reductions

for 1.8 × 104 : These are the subsets that have spectroscopic information and were in the
SDSS DR7 ∼7700 deg2 footprint. These objects are in about 3400 clusters, of which about

2400 are at z ≤ 0.25 and 1200 are at z ≤ 0.2.

In contrast, Yang+ identify 6 × 105 galaxies in about 4.7 × 105 groups at z ≤ 0.2 in

the SDSS DR7 footprint. Most of these are much less massive groups, of course. Yang+
defined their catalog using a complex iterative procedure that makes use of observed angular
positions, redshifts and Model photometry. They estimate the halo masses MHalo of their
groups using two simple proxies for halo mass. One is based on summing up the Model
luminosities of the central+satellite galaxies. As a result, there is a tight correlation between
MHalo and Model, which will be important below. The other is based on summing their
stellar masses, which they estimate by multiplying the Model luminosities by a simple colorbased estimate of M⊙ /L (see their equation 2). Their luminosity-based estimate is used,
but the results that follow are robust to changes in this choice.
The Yang+ catalog extends only out to z = 0.2, so the first step was to identify objects
that appear in the redMaPPer catalog as well. There are 13 253 such objects, of which 8081
have p(E + S0) ≥ 0.7. Figure 4.5 shows the distribution of these objects in the MHalo -

Model magnitude plane.

Red and green symbols show objects that Yang+ classify as centrals and satellites, respectively. Note that the centrals define a rather tight MHalo - Model magnitude correlation,
which has a sharp boundary. This is because of the Yang+ definition of MHalo , and will
be important later (see discussion related to Figures 4.7 and 4.8). More important in
the present context are the brown symbols, which show the centrals in redMaPPer (the
redMaPPer satellites are all the points that are not brown). Below MHalo ∼ 1014 MJ , only

a small fraction of the Yang+ centrals are also centrals in redMaPPer (i.e. redMaPPer labels

most Yang+ centrals as satellites – remember that this is the subsample of galaxies that is
common to both group catalogs). If Yang+ are correct, then redMaPPer is wrongly link-
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ing together objects that are really in separate haloes – this will compromise efforts to use
redMaPPer to address assembly bias like effects. On the other hand, if redMaPPer is correct,
then the Yang+ misclassifications will make centrals and satellites seem more similar than
they really are. This disagreement between the two groups complicates any attempt to
draw unambiguous conclusions about the central-satellite difference in lower mass haloes.
In view of the central - satellite disagreement, in what follows, this work deals primarily
with the Yang+ objects that Yang+ classified as being in haloes more massive than 1014 MJ .
While Figure 4.5 suggests that this is a reasonable choice, things are not completely straightforward, since only about one in three of the Yang+ centrals is in the redMaPPer catalog.
This is shown in Figure 4.6, where N is the total number of objects in each catalog (i.e. not
the small subsets that were common to both catalogs) weighted by p(E + S0). [Since we
have only BAC weights at z ≤ 0.25, we set p(E + S0) = 1 for all objects at z > 0.25, since

this is very likely to be realistic. It has been checked that making cuts on concentration

index or color smooths out the small plateau at z = 0.25 in the grey histogram, but makes
essentially no difference to the others.] The bottom panel includes only galaxies at z ≤

0.25. Remember that the Yang+ catalog includes only objects at z < 0.2. Restricting the
full sample (grey histogram) to galaxies with z ≤ 0.2 gives the same distribution as for the

full Yang+ catalog (black histogram). For completeness, the bottom panel also shows the
subsample of the centrals in the redMaPPer catalog at z < 0.2 (brown dotted line). (This
work shows the number of objects N , rather than the comoving number density, since the
goal is to show how many objects contribute to each bin in the figures that follow.)
Note that, in the bottom panel, there are three times more centrals in Yang+ than
in redMaPPer, even when restricting Yang+ to MHalo ≥ 1014 MJ . This remains true if the

Yang+SerExp catalog is used (described in Section 4.3.2) and shows the counts as a function

of SerExp magnitudes instead (the main difference is a shift to brighter magnitudes). The
assumption made is that the reason for this difference (i.e. the factor of 3×) is not the
central-satellite designation, but the group richness: Presumably, many of the Yang+ objects
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are centrals of lower richness groups that failed the redMaPPer richness cut. In partial
support of this, it should be noted that the number of redMaPPer satellites is nearly the
same as Yang+, despite having three times fewer centrals; this is consistent with them being
more massive. In what follows, all of the redMaPPerobjects within z ≤ 0.25 are used. This
work does not include higher z objects because E+S0 classifications above z = 0.25 are
not available. (It has been checked, but is not show here, that including the red and/or
high-concentration objects from z ≥ 0.25 makes no difference to these results, other than

to improve the statistical significance.) Moreover, Yang+ extends only to z = 0.2, and this
study did not want questions of evolution being different in the two samples to complicate
our results. Finally, the magenta curves show the distribution of ∼5500 E+S0 central

galaxies in the MaxBCG catalog of Rykoff et al. (2012) restricted to z ≤ 0.25 and that have

PyMorph reductions from Meert et al. (2015). At the highest luminosities, their comoving

density is greater than redMaPPer but smaller than the ≥ 1014 MJ Yang+ centrals, so it

is expected for them to be intermediate in mass as well. This is the primary reason for
including this sample.

4.3.2

Combining PyMorph with Yang+

It should be remarked in the previous subsection that Model photometry plays an important
role in the Yang+ catalog. This raises the question of how the catalog is modified if PyMorph
photometry is used instead. Although the appropriate thing to do is to re-run the algorithm,
this is well beyond the scope of this study. Instead, the following simple but reasonable
procedure was performed.
For each Yang+ group, it is assumed that although changing the photometry may change
the central-satellite designation within a group, it will not change the group membership.
The Model photometry is replaced with the PyMorph values for each group member and
then the new values are summed to obtain a new estimate of the total group luminosity.
This quantity is rank-ordered. Since this new ordering is different from that based on
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Model photometry, the halo masses are reassigned based on this new rank ordering. The
most luminous galaxy in a group is def ined as the central. Doing this separately for SerExp
and Ser photometry gives the Yang+SerExp and Yang+Ser catalogs. For both catalogs, the
set of halo masses associated with the original Yang+ catalog is unchanged (by construction),
but the mapping between MHalo and central galaxy luminosity is modified.
The main effect to a plot like Fig. 4.5 is to shift the points slightly to brighter magnitudes
– in which the consequences of this for halo model like analyses elsewhere are explored – but
the motivation for splitting the sample at MHalo ∼ 1014 MJ remains. Since the shifts are

small, a plot showing, for example, MHalo versus SerExp magnitude in the Yang+SerExp

catalog, has not been included. However, defining the Yang+SerExp and Yang+Ser catalogs
is important for what follows.

4.4

4.4.1

Comparison of Centrals and Satellites over a Range of
Galaxy and Halo Masses
Centrals and satellites in poor groups

Figure 4.7 shows the difference between SerExp and Model photometry, as a function of
Model magnitude. (The SerExp magnitudes are based on truncating the fits at 7.5ae , as
described previously.) Grey symbols show the full E+S0 sample; red and green curves show
the subset of galaxies identified as being centrals (red curve) and satellites (green curve) in
haloes having masses between 1013 and 1014 MJ in the original Yang+ catalog. They are
both very similar to the grey curve, which shows the median trend for all E+S0 galaxies
(Figure 4.4). Hence, either the Yang+ central-satellite designations are completely random,
or the difference between Model and SerExp magnitudes does not depend on whether a
galaxy is a central or a satellite. If the latter, then either these groups are too low mass to
have a significant ICL component or what ICL is present does not play an important role
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Figure 4.7: Difference between Model and SerExp (truncated) magnitudes for galaxies in
Yang+ having group masses between 1013 and 1014 MJ , as a function of Model magnitudes.
The median difference defined by all the E+S0 galaxies (grey curve; same as corresponding
curve in top panel of Fig. 4.4) is significantly different from zero and is almost exactly the same
for centrals (red curve) as for satellites (green curve).
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Figure 4.8: Same as the previous figure, but now shown as a function of SerExp magnitude
in the Yang+SerExp catalog. As in the previous figure, centrals and satellites are similar to the
bulk of the population, even though the median difference is larger than in Fig. 4.7.

in the PyMorph-SDSS difference. In either case, the PyMorph-SDSS difference, at least for
galaxies in groups less massive than 1014 MJ , is real – it is not just semantics.
We saw that Figure 4.4 indicates that there is a dependence on which quantity is used as
reference. For this reason, Figure 4.8 shows the difference in the Yang+SerExp catalog, where
MHalo is correlated with SerExp rather than Model. (For a given group, the central-satellite
designation in Yang+SerExp may be different from that in Yang+. Defining the ‘central’ as
the ‘brightest’ is important: Using the Yang+ designation here produces a noticeable bias,
see Figure 4.15.) Note, in particular, that although the median difference (grey curve)
is larger than in Fig. 4.7, centrals and satellites are still remarkably similar. Hence, the
agreement of the red and green lines with the grey one in Figures 4.7 and 4.8 strongly
suggests that centrals and satellites are similar, and that the PyMorph-SDSS difference is
not just semantics.
In this context, it is interesting to note that luminous red galaxies (LRGs) are believed
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to populate groups having masses of a few times 1013 MJ . This is similar to the mass scale
considered here. For LRGs at z ∼ 0.34, a stacking analysis shows that the characteristic

scale where the ICL becomes apparent is ∼100 kpc (Tal and van Dokkum 2011), where the

surface brightness is 28 mag arcsec−2 . Accounting for surface brightness dimming between

z ∼ 0.15 and z = 0.34 would make this 27.4 mag arcsec−2 . This is substantially fainter

than ∼26 mag arcsec−2 , which corresponds to ∼1 percent of the sky value in the individual
r-band SDSS images of the objects that contribute to Figs 4.7 and 4.8, i.e. the individual
images will show no sign of the ICL, so it is very unlikely that PyMorph’s Sérsic-based fits
are sensitive to it. And, indeed, Figs 4.1 and 4.2 show that the PyMorph fits are rather
good within R1%sky . Stated differently, the ICL component in the LRG stacks shows up
as excess light compared to a Sérsic profile (with n = 5.5) on scales larger than ∼8Re , but
Figs 4.1 and 4.2 show that the individual images typically have R1%sky ≈ 4Re , which is why
they show no sign of the ICL.

Finally, note that a de Vaucouleurs profile is not a good fit to the regions within ∼8Re ,

neither for LRGs nor for the galaxies considered here. Thus, if one thinks of a Sérsic profile
as describing light in excess of a de Vaucouleurs profile, then this excess light is not ICL. The
ICL shows up as an additional departure from a Sérsic profile beyond 8Re . This is consistent
with the assertion above: At least for galaxies in groups less massive than 1014 MJ , the
PyMorph-SDSS difference is not due to the ICL. Now, the PyMorph-SDSS difference for
the full sample of galaxies (grey curve) is similar to that for these centrals and satellites.
Since the vast majority of these are in lower mass haloes, ICL effects do not play a role for
the vast majority of objects that contribute to the grey curve. These are the objects that
Bernardi et al. (2017b, 2016, 2013) used to estimate the z ∼ 0.1 luminosity and stellar mass

functions. Hence, the differences between these mass functions and those based on SDSS
pipeline photometry are real: It is incorrect to attribute it to the semantics of whether or
not one includes the ICL when estimating the light from a galaxy.
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Figure 4.9: Difference between (truncated) SerExp and Model photometry, as a function of
Model (left-hand panel) and SerExp magnitude (right-hand panel). Grey symbols show the full
E+S0 sample; red and green symbols show the subset of these E+S0s that are centrals and
satellites in groups whose halo mass is greater than 1014 MJ in the Yang+ (left-hand panel)
and Yang+SerExp (right-hand panel) catalogs; brown and blue symbols show corresponding
measurements in the redMaPPer catalog; and magenta symbols show the MaxBCG centrals.
In the left-hand panel, satellites are similar to the full sample, whereas centrals tend to be
brighter. However, differences between centrals and satellites are substantially smaller than the
differences between SerExp and Model photometry except for the most massive (i.e. redMaPPer)
groups. In the right-hand panel, centrals and satellites are more similar even though the median
offset from zero is larger
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Figure 4.10: Comparison of sky estimates; colors are the same as Fig. 4.9. The top set of
curves, showing a larger offset and an asymmetric scatter, show the difference between PyMorph
SerExp and SDSS DR7 sky estimates [∆Sky = Sky (PyMorph SerExp)-Sky (SDSS)]. The SDSS
sky estimate is brighter; this overestimate is largest for the most luminous objects, and is even
larger for centrals than for satellites. The bottom set of curves, showing no offset and a smaller
scatter, show the difference between PyMorph SerExp and PyMorph deV sky estimates [i.e.
∆Sky = Sky (PyMorph SerExp)–Sky (PyMorph deV)]. The difference in these sky estimates is
insignificant. This conclusion is similar if we compare PyMorph Ser and PyMorph SerExp sky
estimates.

4.4.2

Centrals and satellites in massive clusters

Galaxies in more massive groups should now be considered. Fig. 4.9 shows the difference
between SerExp and Model photometry, as a function of Model (left-hand panel) and SerExp
magnitudes (right-hand panel). The grey curves in the two panels are for the full sample
and are taken from Fig. 4.4, as before. Red and green symbols and curves show the subset
of galaxies that Yang+ identify as being centrals and satellites in haloes more massive than
1014 MJ – these are shown only on the left-hand panel due to the selection effect just
mentioned above. In the right-hand panel, the red and green symbols and curves show the
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corresponding subset of galaxies in our Yang+SerExp sample. (That is, they are in haloes
more massive than 1014 MJ , but because the assignment of halo masses – and in some cases
the central – satellite designation – has changed, they are not exactly the same objects as in
the panel on the left-hand side.) Brown and blue symbols and curves in both panels show
centrals and satellites in the redMaPPer catalog, and magenta shows the MaxBCG centrals.
In both panels, the satellites are in good agreement with the grey curve: Satellites are
similar to the average over the full population, even at Mr < -23. In the panel on the righthand side, centrals and satellites are also in good agreement (only the redMaPPer centrals
are slightly offset), even though the median differences between SDSS and SerExp are larger
compared to the panel on the lefthand side. Only in the panel on the left-hand side do the
centrals tend to be slightly more luminous, with the difference increasing with group mass
(recall that the redMaPPer groups are more massive than Yang+). At Mr < -23, where the
grey curve indicates that the average difference is 0.15 mag, the redMaPPer centrals show
an additional 0.08 mag difference. Clearly, the centrals of the most massive clusters, which
are less than 30 percent of the rarest most luminous objects (Fig. 4.6), are different from
the vast majority of the galaxy population.
However, even for these centrals, it is not obvious that one can attribute the additional
offset entirely to ICL-related effects for the reasons given in Section 4.2.2. As Figures 4.1-4.3
illustrate (Figure 4.3 is a redMaPPer central), the PyMorph fits are usually accurate out to
∼1 percent of sky. If there is a difference beyond this scale, it is in the sense that the ICL

will be yet another addition to the SerExp estimate.

4.4.3

Differences in sky and profile shape

When discussing Fig. 4.4, it should be noted that the median trend for the full E+S0
sample (labelled ‘All’) is due to two effects: (1) differences in the PyMorph and SDSS
sky estimates, and (2) the increased freedom that the two-component SerExp profile has
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compared to Model, which, for E+S0s, is basically a single de Vaucouleurs profile. This raises
the question: Which effect dominates the central-satellite differences we see in Fig. 4.9?
To address this, the lower set of curves in Fig. 4.10 compare the sky estimates in the
PyMorph deV, Ser, and SerExp fits. These show no significant differences from zero. This
is in marked contrast to the top set of curves showing a large asymmetric scatter. These
indicate that the SDSS DR7 sky estimate is brighter than PyMorph’s for the most luminous
objects. Moreover, the SDSS overestimate is even brighter for centrals than for satellites.
The former trend was reported in Chapter 3 (and references therein), in which it is shown
that the SDSS sky estimate is brighter than both PyMorph and Blanton et al. (2011), while
the latter two are in excellent agreement with one another. In Chapter 3 it is argued that it
was a consequence of the fact that the SDSS does not use a large enough region from which
to estimate the background sky. The issue with the SDSS sky will only be exacerbated in
clusters, so the fact that it is worse for centrals than satellites is not unexpected. (The
comparison here uses the SDSS DR7 rather than DR9 sky values, since the PyMorph photometry is based on the DR7 rather than DR9 flux-calibrated images. However, Section 3.3
and Figs 3.9 and 3.10 in the previous Chapter show that despite the changes from DR7 to
DR9, the bias in the SDSS DR7 sky estimates is also present for the DR9 reductions.)
To see if this can account for all the differences shown in Fig. 4.9, it is useful to write
Model - SerExp = (deV - SerExp) - (deV - Model),

(4.1)

where deV is the result of using PyMorph to fit a (truncated) de Vaucouleurs profile to
the image. The first term (i.e. deV - SerExp) isolates the effect of fitting different models,
whereas the second term (i.e. deV - Model) is entirely due to the difference between the
PyMorph and SDSS sky estimates.
Fig. 4.11 shows these two contributions for the various samples shown in Fig. 4.9. Comparison with the left-hand panel of Fig. 4.9 shows that the sky accounts for a little less
than half the total difference, and it affects the redMaPPer centrals the most. At Mr ∼
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Figure 4.11: Same as Fig. 4.9, but now the difference between SerExp and Model photometry
is broken up into two terms: one isolates sky subtraction effects and the other is due to true
differences in the shape of the light profile
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Figure 4.12: Same as Figure 4.11 but with (truncated) Ser mags in place of SerExp, and
Yang+Ser in place of Yang+SerExp.
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Figure 4.13: Same as Fig. 4.11, but now versus M∗ rather than absolute magnitude.
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Figure 4.14: Same as Figure 4.13 but instead for the single Ser PyMorph photometry.

92

4.4 Comparison of Centrals and Satellites over a Range of Galaxy and Halo
Masses

-23, the choice of profile shape alone accounts for about 0.08 mag when averaged over all
E+S0s, with the average for redMaPPer centrals being larger by an additional 0.08 mag.
However, in the panel on the right-hand side, the central-satellite difference is entirely due
to differences in sky.
Fig. 4.11 makes one more point. The grey curve in the left-hand panel shows that
the deV - SerExp difference is not monotonic with luminosity. This is discussed earlier in
Chapter 3 and suggests that there are two populations at high luminosities. However, the
previous analysis did not provide a physically motivated model for the two populations.
This analysis suggests that the two populations may correspond to centrals and satellites.
Fig. 4.12 shows that the differences with respect to SDSS sky are similar when fitting
SerExp profiles (compare with Fig. 4.11), but the remaining difference is substantially larger
than before. In addition, even though the differences are larger, centrals and satellites are
similar when shown as a function of PyMorph photometry but different when shown as a
function of Model magnitudes (top and bottom panels, respectively), as was the case in
Fig. 4.11.
Fig. 4.13 shows that none of these conclusions change if the magnitude difference versus
the corresponding stellar mass estimate is plotted rather than luminosity. And Figs 4.12
and 4.14 show that they are unchanged if SerExp magnitudes are replaced with Ser. (For
all these figures, Yang+ is used for the top panel, and Yang+Ser for the bottom panel.) In
all cases, once the bias in the SDSS sky has been accounted for, the luminosity or stellar
mass dependence of the SDSS-PyMorph difference is the same for all satellites, whatever
the mass of the cluster they inhabit. Although for centrals of the most massive clusters
there is an additional effect that increases as cluster mass increases, this additional effect
is substantially smaller when shown as a function of Sérsic-based rather than SDSS Model
magnitudes. Fig. 4.14 shows that this is also true if Ser photometry is used to determine
the stellar masses.
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To explore the mass dependence further, the Yang+ and Yang+SerExp samples are divided into objects having 14 ≤ log10 (MHalo /MJ ) ≤ 14.3 and log10 (MHalo /MJ ) ≥ 14.3.

There is a small difference between the two, which is consistent with the mass trend we infer
from the comparison with redMaPPer. Similarly, when redMaPPer is split into two subsam-

ples at richness λ = 32, the one with higher richness shows a slightly larger difference. In
both cases, the smaller sample size means that the statistical significance of the finer mass
trend is smaller, so those additional trends here are not shown.
It can now be concluded that the analysis in this section has shown that, for the vast
majority of luminous galaxies, the difference between PyMorph and SDSS photometry is
not dominated by ICL-like effects. Rather, it reflects real structural differences, and is not
just a matter of semantics.

4.5

Discussion

The SDSS and PyMorph luminosity estimates differ (Fig. 4.4) because the SDSS sky estimate is biased and because the fitted models differ (Chapter 3). Biases in the SDSS sky
estimate are worst for central galaxies in the most massive haloes (brown curve in Fig. 4.10).
In general, sky-related biases account for a little less than half the total difference between
the SDSS and PyMorph luminosities (lower set of curves in Figs 4.11, 4.12, 4.13, and 4.14).
The remaining difference (upper set of curves in Figs 4.11, 4.12, 4.13, and 4.14) is due to
fitting different models to the surface brightness profile (i.e. deV, Ser, or SerExp).
For the vast majority of galaxies, once biases in the SDSS sky estimate have been
accounted for, the SDSS-PyMorph difference does not depend strongly on whether a galaxy
is a central or a satellite. The difference, averaged for the full sample of galaxies (grey
curve), is the same as that of central or satellite galaxies of less massive groups (red and
green curves in Figs 4.7 and 4.8), and of satellites in more massive groups (blue curves in
Figs 4.11 and 4.13). There is only an additional effect for centrals in the most massive haloes
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(which Fig. 4.6 shows to be rare), and then only when shown as a function of SDSS rather
than Sérsic-based photometry. A similar conclusion is reached when one uses either twocomponent SerExp photometry or single-component Ser fits (compare Figs 4.11 and 4.13
with Figs 4.12 and 4.14).
The ICL is expected to be fainter at larger cluster-centric distances or around central
galaxies in smaller groups (e.g. Tal and van Dokkum 2011). Now, the difference between
Sérsic-based and SDSS Model magnitudes, when averaged over the full population, is the
same for centrals or satellites in smaller groups (Figs 4.7 and 4.8). In fact, Figs 4.11
and 4.13 show that it is also the same for satellites in more massive groups. Therefore, it
can be concluded that the vast majority of massive galaxies are not well fitted by a simple
de Vaucouleurs profile: the difference from Model magnitudes is not due to the ICL, but
indicates real structural differences. Hence, the difference between PyMorph Sérsic-based
luminosity and stellar mass functions in Bernardi et al. (2017b, 2016, 2013) with respect to
estimates based on SDSS Model magnitudes is real - it is not just semantics.
The issue is slightly more complicated for the small number of galaxies that are centrals
of the most massive clusters. Even though the top set of curves in the right-hand panels of
Figs 4.11, 4.13, 4.12, and 4.14 are so similar, they are offset towards the bright end in the
lefthand panel (compare brown and grey curves). Hence, there must be differences between
these objects and the vast majority of the galaxy population. However, this suggests that
even these differences – which affect less than 30 percent of the rarest most luminous
objects (Fig. 4.6) – should not be attributed to the ICL entirely. This is because the surface
brightness where the ICL becomes apparent is fainter than ∼27 mag arcsec−2 (Zibetti

et al. 2005; based not on individual galaxies, but a stacking analysis of ∼600 brightest

cluster galaxies). This is fainter than ∼26 mag arcsec−2 associated with ∼1 percent of the
background sky in individual r-band SDSS images, so it is very unlikely that the ICL plays
a role when fitting to individual images (Figs 4.1-4.3 and related discussion).
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Moreover, it should be noted that the right-hand panels of Fig. 4.13 and especially
Fig. 4.14 show a dramatic change in slope around 2 ×1011 MJ . This is the same mass scale

where a number of other scaling relations also change (Bernardi et al. 2014, 2011), and
where the galaxy population becomes dominated by slow rotators Cappellari et al. (2013).
These other features are thought to indicate a change in the typical assembly mechanism
of the population. While this change may also be related to the build-up of the ICL, the
features are not caused by it.
It is believed that the PyMorph SerExp photometry represents a significant improve-

ment to SDSS-Model photometry. In particular, this work shows that previous halo model
analyses that used the SDSS pipeline photometry when relating the stellar mass of the
central galaxy to the dark matter mass of the halo that surrounds it should be redone. Ascribing the difference compared to analyses based on Sérsic magnitudes to the semantics of
whether or not one includes the ICL when describing the stellar mass of the central galaxy
is incorrect.
This work has showed that when studying correlations at fixed group mass, care must be
taken to ensure that one does not mistake selection effects for physical effects. The SerExp
and Model magnitude difference, when plotted versus SerExp magnitude, shows strong
trends even though no such trends were apparent when plotting versus Model magnitude
(compare red and green curves in Figs 4.7 and 4.15). This work argued that this is because
the group masses in the Yang+ catalog are tightly correlated with Model magnitudes. A
simple model illustrated why selection effects appear when one studies correlations at fixed
group mass with a quantity that was not used to define the groups. Indeed, when the
halo masses are reassigned to the Yang+ groups on the basis of SerExp magnitudes, then
the selection effect appears when plotting versus Model rather than SerExp magnitudes
(compare Figs 4.8 and 4.16). This conclusion is general. For example, it has been checked
(but not shown here) that the selection effect is even stronger when Ser rather than SerExp
magnitudes are used. It is the hope of this work that the demonstration of the existence
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Figure 4.15: Same as Figure 4.7, except that the difference between Model and SerExp (truncated) magnitudes for galaxies in Yang+ having group masses between 1013 M⊙ and 1014 M⊙ ,
is shown as a function of SerExp magnitudes. The median difference defined by all the E+S0
galaxies (grey curve; same as corresponding curve in Figure 4.7) is significantly different from
zero. The curvature away from this median relation, for the brightest satellites (green curve)
and faintest centrals (red curve), is a selection effect arising from the fact that MHalo is strongly
correlated with Model magnitudes, but there is scatter in the Model-SerExp relation.

of this sort of pernicious selection effect, the explanation of its cause and how one should
correct for it will prevent future confusion.
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Figure 4.16: Same as Figure 4.8, but now showing the magnitude difference as a function
of Model magnitude in the Yang+SerExp catalog, in which MHalo is strongly correlated with
SerExp. As for Figure 4.15, the curvature away from the median relation shown by the grey
curve is a selection effect.
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Chapter 5

5.1

Introduction

The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA; Bundy et al. 2015)
Survey is a component of the Sloan Digital Sky Survey IV (Blanton et al. 2017; hereafter
SDSS IV). MaNGA uses integral field units (IFUs) to map the spectra across ∼10000

nearby (z ∼ 0.03) galaxies. The IFU technology allows the MaNGA survey to obtain

detailed kinematic and chemical composition maps of each galaxy (e.g. Drory et al. 2015;

Graham et al. 2018; Greene et al. 2017; Gunn et al. 2006; Law et al. 2016, 2015; Smee et al.
2013; Yan et al. 2016a,b). It is interesting to correlate this spatially resolved spectroscopic
information with photometrically derived structural parameters of the galaxy.
Wake et al. (2017) describe how the galaxies were selected from the SDSS footprint
for observation. For reasons discussed in Chapter 3, we do not use the SDSS pipeline photometry. However, substantially improved photometry is available through the NASA-Sloan
Atlas catalog (nsatlas.org; hereafter NSA). This relies heavily on a more careful treatment
of object detection, deblending, and the background sky level (see Blanton et al. 2011 for details). While the NSA photometry provides Petrosian and Sérsic-based estimates of galaxy
magnitudes, sizes, and ellipticities, it does not provide two-component fits. ‘Bulge-disk’
decompositions would be a valuable complement to MaNGA spectroscopy, which provides
2D-maps of rotation and velocity dispersion in galaxies.
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In fact, bulge-disk decompositions of about 85% of the MaNGA galaxies are available
in the published catalogs of Simard et al. (2011; hereafter S11) and Meert et al. (2015;
hereafter M15, catalog referenced as DR7). However, both these analyses were based on
SDSS DR7 photometry, which has since been substantially revised. Problems with the
estimate of the background sky level are known to have affected the S11 analysis, whereas
the results of M15 are less biased compared to, e.g., NSA (Chapter 3). As the main
purpose of our MaNGA PyMorph Photometric Value Added Catalog (hereafter MPP-VAC)
is to provide an accurate analysis of the images of MaNGA galaxies which includes the
results of two-component fits, and since we would have to analyze the remaining 15% of
the MaNGA galaxies anyway, we thought it prudent to simply re-analyze all the MaNGA
galaxies that are currently available. We also provide the SDSS-IV MaNGA Deep Learning
Morphology Value Added catalog (hereafter MDLM-VAC) which includes Deep Learningbased morphological classifications (the methodology is described in detail by Domı́nguez
Sánchez et al. 2018) for the same galaxies.1 The present note describes the main properties
of the catalogs and illustrates some of the scientific analysis which they enable.

5.2

5.2.1

MaNGA PyMorph Photometric Value Added Catalog
(MPP-VAC)
PyMorph photometry

In what follows, we describe how photometric parameters such as luminosity, half-light
radius, a measure of the steepness or central concentration of the profile, etc., were determined by fitting two different models to the surface brightness profiles of MaNGA galaxies:
a single Sérsic profile (Sérsic 1963, hereafter Ser) and a profile that is the sum of two Sérsic
1

At the time of writing, the MaNGA survey is not yet complete: only ∼4,700 of the expected ∼10,000
galaxies have been observed. While the results in this paper refer to the current subset of ∼ 4, 700 objects,
MPP-VAC and MDLM-VAC will be updated in due course when the full sample has been observed.
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components (hereafter SerExp). For the SerExp profile, one of the components is required
to have n = 1. It is conventional to refer to the n = 1 component as the ‘disk’, and the
other as the ‘bulge’. However, later in Section 5.2.1.3, we discuss how this is not always the
case.
5.2.1.1

Fitting algorithm

We use a fitting algorithm called PyMorph (Bernardi et al. 2014; Meert et al. 2013, 2015,
2016; Vikram et al. 2010), a Python based code that uses Source Extractor (SExtractor;
Bertin and Arnouts 1996) and GALFIT (Peng et al. 2002) to estimate the structural parameters of galaxies. For a galaxy or galaxies in one frame, the image, weight image, and
PSF of the image are fed to PyMorph. PyMorph uses SExtractor to define a masked image
which is passed to GALFIT which then fits a 2D model to the image. For Sérsic fits, or for
the bulge component of SerExp fits, n cannot exceed 8. When fitting to a two-component
SerExp model, there is no requirement that the bulge component be more compact and
dominate the light in the inner regions. I.e., it is possible that the algorithm returns a
‘bulge’ that is larger than the ‘disk’. Since this is not thought to be physically reasonable,
we discuss such cases further in Section 5.2.1.3.
PyMorph photometric parameters of the galaxies in the SDSS DR7 release (Abazajian
et al. 2009) are available online from the UPenn SDSS PhotDec Catalog (Meert et al. 2015,
2016). As a result, in principle, PyMorph parameters for about 85% of the MaNGA galaxies
are already available. In practice however, these were based on DR7 imaging, which underwent a substantial revision in DR9 and subsequent data releases. Although previously in
Chapter 3 I showed that PyMorph is largely immune to this change, the MaNGA sample
is sufficiently small that we thought it prudent to simply rerun PyMorph on the DR15
imaging.
The small sample size made it possible to also perform a visual inspection of all the
objects in the DR15 release of MaNGA. On the basis of this we decided a further re-fit
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Figure 5.1: Top left and right: Cutouts of the galaxy image, zoomed in on the right to highlight
the area covered by MaNGA IFUs (shown as a white hexagon). The color scale is representative
of the surface brightness [mag/arcsec2]. Middle panels are for the original (seeing-convolved)
PyMorph fit. Left: Black symbols in the left panel show the 1-d surface brightness profile;
solid green line shows the single-component Sérsic fit; solid red line shows the two-component
SerExp fit (red dashed). Vertical dashed lines show the associated half-light radii which include
half of the total luminosity; vertical solid black line shows the scale covered by MaNGA IFUs.
Horizontal lines show the sky level (dash-dotted) and 1% of sky (dashed). The bulge component
has n ∼ 7, a larger half-light radius than the disk, and dominates on all scales. Right: Residuals
from the fits (fits−data), SerExp (red) and Sérsic (green). Bottom panels show the result of
refitting after requiring the bulge to have n < 3 (so only the red SerExp fit curves have changed).
The SerExp residuals are substantially smaller, at least within two half-light radii, and the disk
now dominates at large radii.
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Figure 5.2: Same as Figure 5.1, but for an object where the original fit returned a bulge with
n > 7 which dominates the light at both small and large radii: the disk only dominates on
intermediate scales. Requiring n < 2 returns a more sensible fit, except that it is ‘flipped’:
the n = 1 component dominates on small scales (a disk would dominate on large scales). In
MPP-VAC, this galaxy’s parameters are both ‘re-fit’ and ‘flipped’.
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might be justified for some objects. This happens most frequently for the SerExp fit and
also most frequently for late-type galaxies in which the bulge component has n ∼ 8 (but
large nbulge is not the only reason). This refitting is described in the following section.

5.2.1.2

Re-fitting

Some SerExp fits have n ∼ 8 for the bulge component. Often this is driven by a slight

surface brightness excess in the inner most pixel(s), but the resulting bulge component has
a long tail to large radii, where it may even dominate over the disk (n = 1) component. In
such cases, we re-run PyMorph, restricting the bulge component to n ≤ nlim with nlim = 3

(recall that the default is nlim = 8). If the problem persists, then we reduce nlim further to 2,

and finally to nlim = 1 if necessary. In effect, this forces the bulge component to dominate
in the inner regions only. If the new fit (with smaller n) is acceptable (in a χ2 -sense,
which we quantify for a few cases below) we keep it and discard the original. While the
reduction in n is dramatic (of course), it sometimes (but not always) comes with a similarly
dramatic change to Re,bulge , although the total light and B/T ratio are not strongly affected.
Reducing the allowed range in n also has the effect of reducing the effects of degeneracies,
thus systematically reducing our error estimates on fitted parameters. Thus, for refitted
objects, the uncertainties we report are typically smaller (by . 0.1 mag for the luminosities
and . 20% for the radii) compared to the error estimates reported for the original fit.
The following figures illustrate typical examples for when refitting is required. Figure 5.1
shows a case where the original fit (middle panels) has the bulge (dashed red) dominating
the light on all scales, because the SerExp fit returned n ∼ 7 for the bulge component, and

a correspondingly large half-light radius. Requiring the bulge to have n < 3 and re-fitting

(so only the red SerExp fit curves have changed) returns a more compact bulge, so the disk
(dotted red) dominates at large radii. Of course, in this case, B/T is also reduced. In this
case, χ2dof increases from its original value of 1.073 to 1.079; evidently, the χ2 surface is
rather flat.
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Figure 5.3: Same as previous figure, but now for an object where the original SerExp fit
was simply bad, mainly due to the downturn at large r. Requiring the bulge component to
have n < 1 returns a better fit – one that fits the downturn well – but again, with ‘flipped’
components, as the n = 1 component dominates on small scales.
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Figure 5.2 shows a case in which the original fit had the n = 1 component (dotted)
dominating only on intermediate scales. Requiring the bulge component to have n < 2
returns what is essentially two exponential profiles. As a result, the total half-light radius is
smaller (reduced from 6” to 4”). In this case, χ2dof increases from 1.1090 to 1.1093. Notice,
however, that the re-fit has the n = 1 component dominating the inner regions; this is
reversed, or ‘flipped’ compared to the usual expectation that the disk dominates the outer
parts. We discuss how we report such ‘flipped’ objects in the next subsection.
Figure 5.3 shows a case in which the original SerExp fit was much worse than the Ser
fit. This is mainly because of the obvious downwards curvature at large r. Forcing n < 1
and re-fitting results in a better fit (χ2dof decreases from 1.118 to 1.076), although this too
is a ‘flipped galaxy’: the n = 1 component (nominally the disk component) dominates in
the inner regions.
We re-fit ∼ 5% and 10% of the MPP-VAC galaxies in the SDSS r-band for the Ser- and

SerExp-fit, respectively. We find similar fractions for the g and i-bands.
5.2.1.3

‘Flipped’ galaxies

Some SerExp fits have the n = 1 component (nominally the ‘disk’) dominating the light in
the inner regions, with the n 6= 1 component (nominally the ‘bulge’) dominating outside

(e.g. Figs. 5.2 and 5.3). Cases such as Figure 5.3, where the light profile curves sharply
downwards at large radii, are typical. For such objects, the best-fit n is always smaller
than unity. In such cases, the components of the bulge and disk are ‘flipped’ before being
added to the catalog. I.e., after flipping, the inner ‘bulge’ corresponds to the component
with n = 1, and the ‘disk’ component always has n ≤ 1. In the MPP-VAC ∼ 13% of the
galaxies are ‘flipped’ in the r-band (similarly for the other bands).

It is conventional to report the half-light radius Re for the bulge component (usually a
Sérsic profile with n > 1), but the scale-length Rd for the ‘disk’ (n = 1) component. Since
we sometimes flip the two components, this has the potential for confusion. This is why
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Figure 5.4: Truncation in an ellipse having semi-major axis length 7ae(∞) and axis ratio b/a
reduces the total light (left) and size (right) by an amount which depends on Sérsic index n.

the radii we report are always the half-light radius. For n = 1, the ‘disk’ scale length Rd is
related to the half-light scale we report by Rd = Re /1.678 (see equations 4 and 5 in Meert
et al. 2015).
5.2.1.4

Truncation

There is some discussion in the literature about what to report as the ‘total’ light associated
with a Sérsic profile. Whereas Meert et al. (2015) integrate their fits to infinity, others
truncate the integral at approximately 7 or 8× the fitted half-light radius (e.g. the SDSS
pipeline). The radius which encloses half the truncated light is not usually reported. MPPVAC provides both original and ‘truncated’ values, which we now describe.
Since PyMorph really performs 2D fits to images which are not usually circular, we
truncate the light within elliptical isophotes. If ae(∞) and be(∞) denote the lengths along
the major and minor axes which include half the light before truncation, then we only include
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Figure 5.5: Top: Effect of truncation on the magnitude (left) and size (right) for the Sérsic
fit as a function of absolute magnitude. Luminous galaxies tend to have larger n, so truncation
matters more at high luminosity. Bottom: Similar to top panels but for the two-component
SerExp fits (the Sérsic and Exponential profiles were truncated separately before combining
them). In this and all following plots, the solid red line indicates the median of the data. The
dashed red lines show the region which encloses 68% of the galaxies at fixed absolute magnitude.
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the light within an ellipse whose semi-major and semi-minor axes extend out to 7ae(∞) and
q
7be(∞) . (The combination ae(∞) be(∞ ) is sometimes called the effective radius Re , so one

might say that we truncate at 7Re .) In addition we also report the scale which encloses

half of this truncated, rather than total, light. I.e., since we assume that truncation does
not change the axis ratio, we report b/a = be(∞) /ae(∞) , and the length of the semi-major
axis which encloses half the truncated-light: ae(trunc) < ae(∞) .
Figure 5.4 shows the fractional changes to the total light and size which result from
truncation: they are a deterministic function of Sérsic n. Since luminous galaxies tend to
have larger n, truncation matters more at high luminosity. Since the n − L correlation

has scatter, one cannot simply translate the correction for n into one for L. Therefore,
Figure 5.5 shows the effect of truncation on the single-Sérsic light and size estimates of the
galaxies in MPP-VAC (top panels). Similarly, the bottom panels show the effects for the
two-component SerExp profiles (we truncate the Sérsic and Exponential profiles separately
before combining them). These truncated magnitudes and sizes are also reported in MPPVAC.

5.2.2

Description of the MPP-VAC catalog

The DR15 MaNGA release includes 4688 galaxy observations (identified by the PlateIFU
and MaNGAID variables; some are repeated observations of the same galaxy). Of these
4688 observations, 16 are not in our MPP-VAC. These were either not galaxies (6), were too
dim (3), or did not have a SDSS-DR14 identification and PSF (7). Thus MPP-VAC includes
4672 entries for 4599 unique galaxies. Duplicate observations are defined with a match of 5
arcsec using the RA and DEC from the MaNGA datacubes (OBJRA, OBJDEC). We find
61 groups, i.e., there are 61 galaxies with multiple observations according to our criteria.
(Note that this is slightly different from the number of unique MANGA-IDs: there are only
55 galaxies with repeated MANGA-ID.) Table 5.1 shows the content of the catalog, which
is in the FITS file format and includes 3 HDUs. Each HDU lists the parameters measured
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Figure 5.6: Example of a galaxy where a single-component fit is preferred (FLAG FIT= 1)
since the disk contribution is negligible. The different panels are similar to those in Figures 1-3.
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Figure 5.7: Same as previous figure, except for this galaxy a two-component fit is preferred
(FLAG FIT= 2): the solid red curve provides a good fit over the entire image, whereas the
green does not.
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Figure 5.8: Same as previous figure, except that for this galaxy the single-Ser and SerExp fits
are both acceptable, so we do not express a preference for one over the other (FLAG FIT= 0).

113

5.2 MaNGA PyMorph Photometric Value Added Catalog (MPP-VAC)

in the g, r, and i bands, respectively. Table 5.1 also provides three variables which identify
galaxies with multiple MaNGA spectroscopic observations (see DUPL GR, DUPL N, and
DUPL ID).
Note that PyMorph can have failures in its fitting.

This is reported by the flags

FLAG FAILED S and FLAG FAILED SE (it is set to 1 when we have a failed Sérsic or SerExp fit, respectively). For this catalog, 333 entries have FLAG FAILED S = 1 and 406 have
FLAG FAILED SE = 1 in the r-band. There are 198 entries that have parameters from
both PyMorph models that failed. Failures can happen for several reasons: contamination,
peculiarity, bad-image, or bad model fit. Although, for the majority of this paper we use
the set of parameters measured in the SDSS r-band, analysis from the other bands (g and
i) produce similar results (see Section 5.4.3). The top part of Table 5.2 lists the fraction of
objects without photometric measurements for the different bands. About 8% and 9% of
the objects do not have parameters from the Sérsic and SerExp fits, respectively. About 5%
of these objects do not have any PyMorph photometric parameters (i.e. FLAG FIT = 3,
see Section 5.2.2.1).
5.2.2.1

Preference system: FLAG FIT

We have introduced a flagging system, based on visual inspection, that indicates which
fit is to be preferred for scientific analyses (see FLAG FIT in Table 5.1). This is because
some galaxies – Figure 5.6 shows an example – are clearly just single-component objects.
In Figure 5.6, the disk component is irrelevant, so the associated disk parameters such as
disk scale length are virtually meaningless. We set FLAG FIT= 1 to indicate that the
parameters from the single-Sérsic fit are preferred (even though χ2dof = 1.041 for both fits).
Other galaxies, such as the one in Figure 5.7, are clearly made of two components, so
we set FLAG FIT= 2. This is always supported by the goodness of fit: in this χ2dof = 1.001
for the two component SerExp fit, but 1.050 for the single component Ser fit.
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In some cases, the two models are both acceptable (e.g. Figure 5.8, where χ2dof = 0.968
and 0.971 for the two- and single-component fits, respectively), so we set FLAG FIT= 0.
MPP-VAC has 2367 entries with FLAG FIT=1, 1696 with FLAG FIT=2, and 411
FLAG FIT=0 in the r-band. The bottom part of Table 5.2 lists the fraction of objects
for each FLAG FIT type in the SDSS g, r, and i bands.
We urge users to pay attention to the preferences expressed by FLAG FIT.

5.2.3

Comparison with previous work

Compared to SDSS pipeline photometry, PyMorph fits return substantially more light for
the most luminous galaxies (Bernardi et al. 2017a,b, 2013). This is primarily because of
differences in how the background sky is estimated and what model is fit to the surface
brightness profile, although differences in the scale out to which one integrates the fit when
defining the total luminosity also matter (Chapter 3 and references therein).
In what follows, we compare the photometric parameters in the MPP-VAC, which we
will refer to as DR15, with those from M15 as well as with analyses from two other groups.
For single component fits, we compare with NSA photometry as well as with the Sérsic
photometry of S11. For SerExp photometry, we compare with S11 only, as NSA do not
provide two-component fits.
5.2.3.1

Previous PyMorph analyses: Meert et al. 2015 (DR7)

The most straightforward comparison is with the analysis of SDSS DR7 images of M15,
which includes about 85% of the MPP-VAC objects. Since both use PyMorph (but different
SDSS images processing reduction – DR7 versus post-DR12), we expect little difference for
Sérsic photometry, with more substantial changes due to refitting of the SerExp photometry.
Figure 5.9 shows that, indeed, for Sérsic photometry, the changes in apparent magnitude,
size, Sérsic index, and axis ratio are all small (rms scatter of a few %). Figure 5.10 shows
that they are also very similar for SerExp photometry, except for the cloud of outliers
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MPP-VAC: The MaNGA PyMorph Photometric VAC
Column Name

Description

Data Type

IntID
MANGA-ID
PlateIFU
ObjID
RA
Dec
z
extinction
DUPL GR
DUPL N
DUPL ID
FLAG FIT
FLAG FAILED S
MS
M S ERR
M S TRUNC
A hl S
A hl S ERR
A hl S TRUNC
NS
N S ERR
BA S
BA S ERR
PA S
PA S ERR
GALSKY S
GALSKY S ERR
FLAG FAILED SE
M SE
M SE TRUNC
A hl SE
A hl SE TRUNC
BA SE
BT SE
BT TRUNC
M SE BULGE
M SE BULGE ERR
M SE BULGE TRUNC
A hl SE BULGE
A hl SE BULGE ERR
A hl SE BULGE TRUNC
N SE BULGE
N SE BULGE ERR
BA SE BULGE
BA BULGE ERR
PA SE BULGE
PA SE BULGE ERR
M SE DISK
M SE DISK ERR
M SE DISK TRUNC
A hl SE DISK
A hl SE DISK ERR
A hl SE DISK TRUNC
N SE DISK
N SE DISK ERR
BA SE DISK
BA SE DISK ERR
PA SE DISK
PA SE DISK ERR
GALSKY SE

Internal identification number
MaNGA identification
MaNGA PLATE-IFU
SDSS-DR15 photometric identification number
Object right ascension (degrees)
Object declination (degrees)
NSA redshift or SDSS if NSA not available
SDSS extinction
Group identification number for a galaxy with multiple MaNGA spectroscopic observations
Number of multiple MaNGA spectroscopic observations associated with DUPL GR
Identification number of the galaxy in the group DUPL GR
Fit preference: No Preference (0), Sérsic (1), SerExp (2), Sérsic and SerExp failed (3)
This flag is set to 1 if the Sérsic fit failed (due to contamination/peculiarity/bad-image or bad model fit) otherwise is equal to 0
Total apparent magnitude from Sérsic fit
Error associated with M S
Truncated apparent magnitude to 7 × A hl S
Half-light semi-major axis (arcsec) from Sérsic fit
Error associated with A hl S (arcsec)
Half-light semi-major axis (arcsec) associated with M TRUNC
Sérsic index from Sérsic fit
Error associated with N S
Axis ratio (semi-minor/semi-major) from Sérsic fit
Error associated with BA S
Position angle (degrees) from Sérsic fit
Error associated with PA S (degrees)
PyMorph sky brightness from Sérsic fit (mag/arcsec2 )
Error associated with GALSKY S (mag/arcsec2 )
This flag is set to 1 if the SerExp fit failed (due to contamination/peculiarity/bad-image or bad model fit) otherwise is equal to 0
Total apparent magnitude from SerExp fit
Apparent magnitude from the truncated bulge and disk components of SerExp fit
Half-light semi-major axis (arcsec) of the total SerExp fit
Half-light semi-major axis (arcsec) associated with M SE TRUNC
Axis ratio (semi-minor/semi-major) of the total SerExp fit
B/T (bulge-to-total light ratio) from SerExp fit
B/T from the truncated bulge and disk components of SerExp fit
Bulge apparent magnitude from SerExp fit
Error associated with M SE BULGE
Bulge apparent magnitude truncated to 7 × A hl SE BULGE
Bulge half-light semi-major axis (arcsec) from SerExp fit
Error associated with A hl SE BULGE (arcsec)
Bulge half-light semi-major axis (arcsec) associated with M SE BULGE TRUNC
Bulge Sérsic index from SerExp fit (galaxies with flipped components have N SE BULGE = 1 AND N SE DISK ≤ 1)
Error associated with N SE BULGE
Bulge axis ratio (semi-minor/semi-major) from SerExp fit
Error associated with BA SE BULGE
Bulge position angle (degrees) from SerExp fit
Error associated with PA SE BULGE (degrees)
Disk apparent magnitude from SerExp fit
Error associated with M SE DISK
Disk apparent magnitude truncated to 7 × A hl SE Disk
Disk half-light semi-major axis (arcsec) from SerExp fit (Note: it is not the disk scale)
Error associated with A hl SE DISK (arcsec)
Disk half-light semi-major axis (arcsec) associated with M SE DISK TRUNC
Disk Sérsic index from SerExp fit (galaxies with flipped components have N SE BULGE = 1 and N SE DISK ≤ 1)
Error associated with N SE DISK
Disk axis ratio (semi-minor/semi-major) from SerExp fit
Error associated with BA SE DISK
Disk position angle (degrees) from SerExp fit
Error associated with PA SE DISK (degrees)
PyMorph sky brightness (mag/arcsec2 ) from SerExp fit

int
string
string
long int
double
double
float
float
int
int
int
int
int
float
float
float
float
float
float
float
float
float
float
float
float
float
float
int
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float
float

Table 5.1: The photometric parameters listed in this catalog were obtained from Sérsic and
Sérsic+Exponential fits to the SDSS images. 116
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Band
g
r
i

Fraction of Galaxies
FLAG FAILED S FLAG FAILED SE
=1
=1

FLAG FIT
=3

0.075
0.089
0.046
0.071
0.087
0.042
0.085
0.093
0.045
Galaxies with FLAG FIT =
6 3
Band FLAG FIT FLAG FIT FLAG FIT
=0
=1
=2
g
r
i

0.087
0.088
0.087

0.526
0.507
0.506

0.341
0.363
0.362

Table 5.2: Top part: Fraction of galaxies which do not have PyMorph parameters from Sérsic
(FLAG FAILED S = 1), SerExp (FLAG FAILED SE = 1) or both (FLAG FIT = 3) in the
SDSS g, r and i bands. Bottom part: Fraction of galaxies which have either Sérsic or SerExp
or both set of parameters and flagged as having 2 components (FLAG FIT = 2), 1 component
(FLAG FIT = 1), or for which both descriptions are equally acceptable (FLAG FIT = 0).
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Figure 5.9: Comparison of PyMorph Sérsic photometric parameters in DR7 (Meert et al.
2015) and those in MPP-VAC (subscript DR15 in the figure) for galaxies with FLAG FIT = 0
or = 1. The figure shows that the difference in apparent magnitude, size, Sérsic index and axis
ratio is small. The solid red line indicates the median of the data. The dashed red lines show
the region which encloses 68% of the galaxies at fixed absolute magnitude.
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Figure 5.10: Same as previous figure, but now for PyMorph SerExp fits for galaxies with
FLAG FIT = 0 or = 2. For most objects, the agreement is again very good. However, the
asymmetric scatter around the median is due to a cloud of outliers associated with our flipping
and/or re-fitting, for which our DR15 analysis returns fainter magnitudes, smaller sizes, smaller
n-bulge, and smaller B/T ratios. The effect is more evident for the Sérsic index n comparison
(bottom left panel) since our DR15 analysis has several more galaxies with n = 1 but many
fewer n = 8 compared to DR7.
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associated with our refitting and/or flipping. For these outliers, our DR15 analysis returns
fainter magnitudes, smaller sizes, smaller n, and smaller B/T ratios. The effect is more
evident for the Sérsic index n comparison (bottom left panel) since our DR15 analysis has
several more galaxies with n = 1 but many fewer n = 8 compared to DR7.
5.2.3.2

Non-PyMorph single-Sérsic fits

We now compare with S11 who also provide Sérsic-photometry for galaxies within the
Legacy area of the SDSS DR7. For the Sérsic comparison, we have ∼ 94% of the galaxies
in common with FLAG FIT= 0 or FLAG FIT= 1.

M15 and Chapter 3 showed that the S11 analysis is slightly biased because it used an
overestimate of the background sky, and so tends to underestimate the light of the most
luminous or most extended galaxies.
We also compare with photometry from the NSA catalog, where we have ∼ 98% of the

galaxies in common, in which issues with the sky have been resolved (following Blanton
et al. 2011; see Chapter 3 for further discussion).

Figure 5.11 compares our PyMorph DR15 single-Sérsic magnitudes, sizes, Sérsic indices,
and axis ratios b/a with NSA and S11 for galaxies with FLAG FIT = 0 or = 1. The top left
panel shows that PyMorph is about 0.02 mags fainter than NSA, but it is otherwise in good
agreement. However, it can be more than 0.1 mags brighter than S11 for the most luminous
galaxies (top middle). This is because S11 measurements are biased by an overestimate of
the background sky. Indeed, a comparison of S11 with NSA magnitudes shows a similar
trend (top right panel).
The second row (from top) of Figure 5.11 shows a similar comparison of the Sérsic halflight size estimates. Again, our PyMorph DR15 estimates are in good agreement with NSA,
whereas S11 sizes are biased to smaller sizes, consistent with the fact that S11 assumed a
brighter background sky. The third row (from top) shows that PyMorph and NSA return
similar estimates of n, except possibly for the most luminous objects. Some of this is
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Figure 5.11: Comparison of PyMorph DR15 single-Sérsic magnitudes (top row), sizes (second
row from top), Sérsic indices (third row), and axis ratio b/a (bottom row) with corresponding
values from NSA and S11 for galaxies with FLAG FIT = 0 or 1. Solid lines indicate the median
of the data. The dashed lines show the region which encloses 68% of the galaxies at fixed
absolute magnitude. In all cases, we show results as a function of PyMorph magnitude (red
lines); using NSA magnitude instead (blue lines) makes little difference except in the top middle
panel, in which the trend with M is even larger. In all cases, PyMorph and NSA are in good
agreement (left), whereas offsets between PyMorph and S11 (middle) are like those between
121
NSA and S11 (right).
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Figure 5.12: Distribution of Sérsic n for galaxies with FLAG FIT = 0 or = 1 (i.e. singlecomponent fit is preferred). Black histogram is PyMorph DR15; red, green, and blue show DR7
(Meert et al. 2015), S11, and NSA, respectively. Our DR15 analysis limits n ≤ 8, whereas the
S11 analysis allows 0.5 ≤ n ≤ 8, and NSA does not allow n > 6. This explains the spike at
n = 6 where NSA has 697 galaxies.
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Figure 5.13: Comparison of PyMorph DR15 two-component SerExp parameters with S11
for galaxies with FLAG FIT = 0 or = 2. From left to right, top to bottom: apparent total
magnitude, half-light semi-major axis of the total SerExp fit, bulge Sérsic index, and B/T. We
show results as a function of PyMorph absolute magnitude (red lines) and using S11 absolute
magnitudes (blue lines).
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Figure 5.14: Distribution of Sérsic index n for the bulge components of galaxies with
FLAG FIT = 0 or = 2 (i.e. two-component SerExp fit is preferred). Black histogram is
PyMorph DR15; red and green show DR7 (M15) and S11. Our DR15 analysis has several more
galaxies with n = 1 but many fewer n = 8 compared to the DR7 analysis, as a result of our
eye-ball motived refitting and flipping. The spike at n = 1 for DR15 extends to 529 galaxies.
See text for discussion of why the S11 distribution shows a peak at n ∼ 4.

124

5.2 MaNGA PyMorph Photometric Value Added Catalog (MPP-VAC)

because our DR15 analysis allows n ≤ 8, whereas NSA only allows n ≤ 6 (and S11 require

0.5 ≤ n ≤ 8). However, S11 tends to be systematically smaller than both, especially for the

most luminous objects. Finally, the bottom row shows that estimates of the axis ratio are
in very good agreement between the different work.
Figure 5.12 shows the distribution of the Sérsic index n. While DR15, S11, and NSA
all show a similar concentration of values around n = 1, with a long tail to longer n, it
appears that S11 tends to favor n ∼ 4 slightly compared to DR15 or NSA. The spikes in

the distribution of the Sérsic index at n = 6 and n = 8 are due to the limits in n imposed
by the different groups.
5.2.3.3

Non-PyMorph two-component SerExp fits

We now perform a similar comparison of our PyMorph DR15 SerExp photometry with
previous non-PyMorph work. This is only possible with S11, as the NSA catalog only
reports parameters from single-Sérsic fits. For this comparison of the SerExp fits, we have
1931 galaxies in common with S11. In view of our eyeball-based re-fitting and flipping,
which we described in Section 5.2.1.2 and 5.2.1.3, we are expecting much larger differences
here than we found for the single-Sérsic photometry.
Figure 5.13 shows that our DR15 SerExp photometry returns slightly less light, smaller
sizes, smaller n-bulge, and smaller B/T. Most of these differences are driven by the relatively
large offset in n.
Figure 5.14 compares our DR15 bulge Sérsic indices with those from the M15 PyMorph
analysis of DR7, and from S11. For S11, the distribution peaks around nbulge = 4; this
may be because, in cases where nbulge is not well constrained, S11 returns the median of
the allowed prior range 0.5 ≤ n ≤ 8. This peak is not present in either of the PyMorph

analyses. Our DR15 analysis has several more n = 1 but many fewer n = 8 compared to

the DR7 analysis, as a result of our eye-ball motived re-fitting and flipping. Of course, this
also affects B/T, but we reserve this comparison for the next section.

125

5.3 MaNGA Deep Learning Morphology Value Added catalog (MDLM-VAC)

5.3

MaNGA Deep Learning Morphology Value Added catalog (MDLM-VAC)

Morphological classifications are available for all the objects in the MPP-VAC. These are
provided in the MaNGA Deep Learning Morphology Value Added catalog (MDLM-VAC).
In this section we describe the MDLM-VAC and explain how it was constructed.

5.3.1

Catalog content and description

The MDLM-VAC contains Deep Learning (DL) based morphological classifications for the
same sample as the MPP-VAC. The methodology for training and testing the DL models is
described in detail in Domı́nguez Sánchez et al. (2018, hereafter DS18), where classifications
for about 670,000 objects from the SDSS DR7 Main Galaxy Sample of Meert et al. 2015
are provided. Since about 15% of the MaNGA DR15 galaxies were not included in that
analysis, the present catalog provides a homogenous morphological catalog for all of the
MaNGA DR15 sample. We strongly recommend reading DS18 for a better understanding
of the catalog construction, meaning, and usage.
In short, the DL morphologies are obtained by training a Convolutional Neural Network
with two visually-based morphological catalogs: Willett et al. (2013) and Nair and Abraham
(2010). The algorithm takes as input RGB SDSS-DR7 images in .jpg format. We train one
model for each classification task. The training is an iterative process which determines
a set of weights that minimizes the difference between the input classification and the DL
model output. Once the weights have been optimized, the DL algorithm applies them to
new galaxy images not used in the training, providing a classification for each of them.
The DL algorithm was trained and tested with SDSS-DR7 cutouts, so we can easily
apply the models to the DR7 images of the MaNGA DR15 galaxies. The time required for
classifying a new set of ∼ 5000 galaxies once the models are trained is minimal (minutes).
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MDLM-VAC: The MaNGA Deep Learning Morphological VAC
Column Name Description

Data Type

IntID
MANGA-ID
PlateIFU
ObjID
RA
Dec
z
DUPL GR

int
string
string
long int
double
double
float
int

DUPL N
DUPL ID
T-Type
flag TT
P S0
flag S0
P edge on
P bar GZ2

P bar N10
P merg
P bulge
P cigar

Internal identification number
MaNGA identification
MaNGA PLATE-IFU
SDSS-DR15 photometric identification number
Object right ascension (degrees)
Object declination (degrees)
NSA redshift
Group identification number for galaxies with multiple MaNGA
observations
Number of multiple MaNGA observations associated with
DUPL GR
Identification number of the galaxy in the group DUPL GR
T-Type value. T-Type < 0 for ETGs. T-Type> 0 for LTGs.
T-Type ∼ 0 for S0
This value indicates if the T-Type has been changed after a
visual inspection (0=no, 1=yes)
Probability of being S0 rather than E. Only meaningful for
galaxies with T-Type ≤ 0
This value indicates if the P S0 has been changed after a visual
inspection (0=no, 1=yes)
Probability of being edge-on
Probability of having a bar signature (trained with GZ2 catalog). Edge-on galaxies should be removed to avoid contamination
Probability of having a bar signature (trained with N10 catalog). No contaminated by edge-on galaxies
Probability of merger signature (or projected pair)
Probability of having a dominant bulge vs. no bulge
Probability of having cigar shape vs. round shape

int
int
double
int
double
int
double
double

double
double
double
double

Table 5.3: Content of the Deep Learning morphological catalog for the DR15 MaNGA sample.
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This means that morphological classification for future MaNGA data releases will be available essentially as soon as the data are made public. The performance of the models in this
new dataset, in terms of accuracy, completeness, and contamination, should be comparable
to the results in DS18 (> 90% for all tasks). The values contained in this catalog may be
slightly different from the ones given in DS18 (for the galaxies in common) due to small
variations in centering or cutout size, which, for this sample, are based on SDSS DR15
instead of DR7.
Table 5.3 shows the format of the MDLM-VAC. It provides parameters obtained by
applying DL models trained with the Nair and Abraham 2010 catalog: a T-Type value, a
finer separation between S0 and pure ellipticals (E), and the probability of having a bar
feature. All the additional set of morphological properties are obtained by applying DL
models trained with the Galaxy Zoo 2 catalog (Willett et al. 2013; hereafter GZ2). The
DL models are trained in binary mode, so the output is the probability that a galaxy
belongs to the stated class (e.g., Pedge−on is the probability that a galaxy is edge-on): these
probabilities take values in the range [0, 1]. Since the models return probabilities, a userdefined threshold value (Pthr ) can be used to select objects of a certain type. With this
in mind, values of precision (∼ purity) and True Positive Rate (TPR ∼ completeness) for

three Pthr values are tabulated in Table 2 of DS18.

The T-Type model is instead trained in regression mode, so the output is directly the
T-Type of each galaxy, with values ranging from [-3,10]. The typical error in T-Type is
∼1.1. See Figure 13 of DS18 for a better understanding of the T-Type values presented in

this catalogue, as well as for PS0 (which is only meaningful for “early-type” galaxies, i.e.,
when T-Type ≤ 0).

While MDLM-VAC obviously complements the parameters in MPP-VAC, it also com-

plements the available estimates from GZ2 by providing a T-Type and a finer separation
between S0s and pure ellipticals. For the parameters in common with the GZ2 (Pedge−on ,
Pbar , Pbulge , Pcigar ), the DL-output probability distributions are more bimodal, reducing
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the fraction of galaxies with an uncertain classification (see discussion in DS18). See Section 5.4.4 for a more detailed comparison between MDLM-VAC T-Type and GZ2 parameters
reported by Willett et al. (2013).
Given the reasonable size of the sample, all the T-Type and PS0 values have been eyeballed for additional reliability. A flag is provided for the T-Type and PS0 , indicating when
the original output of the model has been changed after visual inspection. This was only
necessary for a small fraction of the objects in our sample: We changed T-Type for less
than 3% of the objects, and modified PS0 for about 5% of the objects with T-Type≤ 0.
Most mis-classifications are due to incorrect radius values (used for the cutout size), faint
galaxies, or contamination by nearby objects.
We remark that the Pmerg value is a good indicator of projected pairs or nearby objects
rather than of real on-going mergers. We found it extremely useful for identifying galaxies
whose MaNGA spectroscopic data was contaminated by neighbors. We find that ∼ 50% of

the galaxies with a contaminated spectrum have Pmerg > 0.5, compared to ∼ 17% for the

whole sample. Increasing the limit, only ∼ 11% of the whole sample has Pmerg > 0.8, while
this fraction is ∼ 40% for the contaminated sample.

5.3.2

Our morphological classifications

In the analyses which follow, we mainly use the T-Type and PS0 from MDLM-VAC to
separate objects into classes (as suggested by DS18). Specifically we use them to define two
classes of late-type galaxies (LTG): those with T-Type > 3, and others with 0 < T-Type
< 3; objects having T-Type < 0 and PS0 ≥ 0.5 are defined to be S0; and ellipticals (E) have

T-Type < 0 and PS0 < 0.5. Figure 14 in DS18 shows that essentially all Es have PS0 < 0.5,

so it is very unlikely that our sample of S0s is contaminated by Es. On the other hand,
Figure 12 in DS18 shows that while T-Type= 0 is a reasonable choice for separating S0s
from other LTGs, the actual boundary is not particularly sharp. By setting the threshold
at T-Type= 0, objects we classify as LTGs may be contaminated by S0s, more than vice
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Type

Fraction of Galaxies
FLAG FIT NoContam
6= 3

Both+σ0 > 0

E
0.952
0.772
0.772
S0
0.968
0.907
0.853
0 < T-Type < 3
0.971
0.884
0.842
T-Type > 3
0.949
0.878
0.812
Galaxies with FLAG FIT 6= 3+NoContam+σ0 > 0
Type
FLAG FIT FLAG FIT FLAG FIT
=0
=1
=2
E
S0
0 < T-Type < 3
T-Type > 3

0.234
0.163
0.021
0.003

0.587
0.419
0.463
0.576

0.179
0.419
0.516
0.421

Table 5.4: Top part: Fraction of galaxies of a given morphological type which have PyMorph
parameters (from Sérsic and/or SerExp), good spectra (no contamination), and with central
velocity dispersion σ0 > 0. Bottom part: Fraction of galaxies which satisfy all criteria reported
in the top part of the table and flagged as having 2 components (FLAG FIT = 2), 1 component
(FLAG FIT = 1), or for which both descriptions are equally acceptable (FLAG FIT = 0).
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Figure 5.15: Contribution to the distribution of luminosities (left) and central velocity dispersions (right) from different morphological types (as labeled). Es dominate at large luminosities
and σ0 , whereas LTGs with T-Type > 3 dominate at small σ0 .
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Figure 5.16: Distribution of ǫ = 1 − b/a for different morphological types (as labeled). Es
are well-peaked around ǫ = 0.2, whereas LTGs with T-Type≥ 3 are approximately uniformly
distributed over the entire range.
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versa. We have also compared our morphological classification with the GZ2 parameters
PSmooth and PDisk that are commonly used to define “early-type” and “late-type” galaxies
(e.g., Lee et al. 2018; Parikh et al. 2018). As we discuss in Section 5.4.4, we believe that
our classification based on the above criteria is superior to that provided by the GZ2 based
on PSmooth or PDisk .

5.4

Photometry and morphology

In this section, we consider some illustrative science which results from combining the MPPVAC with the MDLM-VAC.
The second column in the top part of Table 5.4 lists the fraction of objects associated
with each morphological classification with reliable PyMorph estimates (recall from Section 5.2.2 that FLAG FIT = 3 flags objects for which PyMorph failed). However, not all
of these have uncontaminated ‘deblended’ spectra: the third column lists the fraction of
objects with both FLAG FIT 6= 3 and uncontaminated spectra. Sometimes for these objects, a reliable estimate of the central velocity dispersion σ0 is not available. Since we need

σ0 in what follows, we only work with objects having FLAG FIT 6= 3 and uncontaminated

spectra and reliable σ0 . The final column of the Table lists the fraction of objects which
satisfy all three criteria. The bottom part of the Table shows the fraction of these objects
which are flagged as having 2 components, 1 component, or for which both descriptions are
equally acceptable.
Figure 5.15 shows the distribution of luminosity and central velocity dispersion σ0 for

these objects, subdivided by morphological type. (These are not luminosity and velocity
dispersion functions in the usual sense, because we have not accounted for MaNGA’s selection procedure.) Es dominate the counts at large luminosities and σ0 ; S0s or LTGs with
T-Type < 3 tend to be similar to one another, and tend to have smaller L and σ0 than
Es; and LTGs with T-Type > 3 dominate at small σ0 . Note that neither σ0 nor PyMorph
photometry played any role in the morphological classification.
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Figure 5.17: Distribution of luminosities for objects classified as being Es, S0s, and LTGs
with T-Type smaller and greater than 3 (top left, top right, bottom left and right). Dotted and
dashed histograms in each panel show objects classified as being composed of 1 or 2 components
(FLAG FIT = 1 and 2, respectively), while dot-dot-dashed histogram shows the distribution of
galaxies for which both fits are equally acceptable (FLAG FIT = 0). Red dot-dashed histogram
in top left panel shows the Es that are ‘slow rotators’ (∼ 60% of Es). In the bottom panels,
two-component systems (dashed) tend to be more luminous.
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Figure 5.16 shows a similar study of the distribution of ǫ = 1 − b/a. For objects having

FLAG FIT=0 or FLAG FIT=2, the quantity b/a is the semi-minor/semi-major axis ratio
of the total SerExp fit (i.e. BA SE in Table 5.1). Again, there is a nice correlation with
morphology, even though PyMorph b/a played no role in the classification. Es have a
narrow distribution which peaks around ǫ ∼ 0.2 (the decrease at large ǫ is due to the
lack of a disk/rotational component, while the decrease at low ǫ is expected to be due to

triaxiality; see e.g. Lambas et al. 1992); S0s have a broader distribution than Es, but they
do not extend beyond about 0.7; LTGs with 0 ≤T-Type≤ 3 extend to about 0.8; and LTGs
with T-Type≥ 3 have a uniform distribution over almost the entire range (the decrease at

large ǫ is due to the presence of a small bulge and/or the fact that the disk is not infinitely
thin; while at low ǫ this is probably due to triaxiality). The differences between Es and
LTGs are rather similar to those based on Galaxy Zoo classifications by Rodrı́guez and
Padilla (2013). These trends are also consistent with Lambas et al. (1992), except for S0s,
for which we find a broader distribution. On the other hand, S0s account for many of the
‘fast rotators’ in the top panel of Figure 5 of Weijmans et al. (2014); these span a broad
range of ǫ, consistent with our Figure 5.16.

5.4.1

Morphology and FLAG FIT

Figure 5.17 shows the result of dividing each morphological type into the subsets which are
made of one (dotted) or two (dashed) components (i.e., FLAG FIT = 1 or 2) or for which
both fits are equally acceptable (dot-dot-dashed; FLAG FIT = 0). (Dot-dashed histogram
in top left panel shows the Es that are ‘slow rotators’ as we discuss in Section 5.5.) While
the bottom part of Table 5.4 gives the different fractions, the Figure shows quite nicely
that Es with FLAG FIT = 0 tend to have high luminosities while S0s show an opposite
trend (the number of LTGs with FLAG FIT = 0 is negligible). In addition, the distribution
of the absolute magnitude for Es is quite different from that in the other three panels:
Es tend to be luminous single component systems, while for S0s and LTGs, the single
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Figure 5.18: Same as previous figure, but now as a function of central velocity dispersion.
LTGs with 0 < T-Type < 3 classified as having two components tend to have larger σ0 , presumably because of the bulge component.
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Figure 5.19: Same as previous figure, but now as a function of ǫ. S0s and objects with TType> 3 tend to be rounder (peak at smaller ǫ) if they are made of two components rather
than one.
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Figure 5.20: Normalized distribution of Sérsic index n for galaxies with FLAG FIT = 1 in
MPP-VAC. The distributions shown are (from left): our catalog, M15 (DR7), S11, and NSA.
These histograms are divided into morphological type following MDLM-VAC: late-types T-Type
> 3 (blue) and 0 < T-Type < 3 (green), S0s (orange), and ellipticals (magenta). Our DR15
and DR7 analysis limits n ≤ 8, whereas the S11 analysis allows 0.5 ≤ n ≤ 8, and NSA does not
allow n > 6.

Figure 5.21: Normalized distribution of n-bulge from our DR15 analysis (left), DR7 (middle),
and S11 (right), for galaxies with FLAG FIT = 2 in MPP-VAC. The histograms are divided
into morphological types as in the previous figure. The spike at nbulge = 8 in the middle panel
(DR7) is due to late-types (not S0s); these have nbulge ∼ 1 in the left-hand panel (DR15), even
though the morphological classification was not used to motivate the change.
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Figure 5.22: Same as previous figure, but now for distribution of the bulge/total light ratio
(B/T). The distributions from our measurements (DR15, left panel) show a clearer separation
between S0s (orange) and Es (magenta) compared to S11.

component systems tend to be fainter. While the overall distribution (solid) in the other
three panels is similar, the division between one- (dotted) and two- (dashed) component
systems differs: single-component LTGs with T-Type> 3 are much fainter than those with
two-components (bottom right); this difference is less apparent for 0 <T-Type< 3 (bottom
left); two-component S0s tend to be only slightly more luminous (top right). Thus, S0s
appear to be transition objects, consistent with recent work suggesting that S0s are fading
spirals (Rizzo et al. 2018).
Figure 5.18 shows that similar distributions are also seen when plotted as a function
of central velocity dispersion σ0 . LTGs classified as having two components tend to have
larger σ0 – presumably because of the bulge component. Finally, Figure 5.19 shows that
single-component S0s and LTGs tend to have larger ǫ; this is more evident for T-Type> 3
consistent with them being thin disks. (Although not the main focus of this discussion, the
distribution of ǫ for Es is interesting. We show this distribution for ‘slow rotators’ in the
top left panel of Figure 5.19; it is similar for ‘fast rotators’, except at ǫ > 0.4 where all Es
are ‘fast’ by definition. Therefore, the fast rotators having ǫ > 0.5 in Weijmans et al. (2014)
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Figure 5.23: Ratio of the total g- and r-band light (left) and size (right) as a function of
morphology (blue and green represent LTGs, T-Type > 3 and 0 < T-Type < 3, while orange
and magenta show S0s and Es). Dashed black lines show the region which encloses 68% of the
galaxies at fixed absolute magnitude. The top panels show comparison for the Ser fit while
the bottoms for the SerExp fit. The panels on the left are not color-magnitude relations in the
conventional sense, as they use the total light, rather than the light within the same aperture in
both bands. Note that a single-Sérsic component fit is prefered for LTG galaxies with M (Ser)
≥ −20.5 while higher luminosity LTGs prefer a Ser-Exp fit (see also Figure 5.17 and Table 5.4).
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must be objects we classify as S0s.)
Overall, we believe the correspondence between FLAG FIT and morphology is remarkable, given that PyMorph played no role in the morphological classification. This is why
we believe FLAG FIT contains useful information and should be used in scientific analyses
of our photometric catalog.

5.4.2

Morphology, Sérsic index, and B/T

We now consider the distribution of B/T and n as a function of morphological type. We
begin by showing the distribution of n for our single-component galaxies (FLAG FIT = 1).
Figure 5.20 shows that PyMorph DR15, DR7, S11, and NSA all show clear trends with n.
These are reasonably consistent with Figure 28 of Nair and Abraham (2010): LTGs tend
to have n ≈1-2, whereas Es tend to have a broad distribution which peaks around n ∼ 5
(recall that NSA requires n ≤ 6).

Figure 5.21 instead shows that there are rather significant differences between the dis-

tribution of our n values of the bulge component (left) and those of S11 (right) for galaxies
best fitted with a SerExp profile (FLAG FIT = 2). The middle panel shows our DR7
analysis (M15). It is worth noting that the spike at nbulge = 8 in the middle panel was
due to late-types (not S0s); these have nbulge ∼ 1 in our DR15 analysis, even though the
morphological classification was not used to motivate the re-fitting and flipping.

Comparison of the left hand panels of Figures 5.20 and 5.21 shows that, while there are
quantitative differences, the dependence of nbulge distribution on morphology is similar to
that of n on morphology for our single-component galaxies: Es (magenta) have a broad distribution centered on nbulge = 4, S0s (orange) are narrower and peaked around nbulge = 2,
whereas LTGs (green and blue) are quite well-peaked around nbulge = 1. This is impressive
given that none of the PyMorph parameters played a role in the MDLM-VAC classifications. In contrast, S11 find that the distribution of nbulge is approximately independent of
morphological type.

141

5.4 Photometry and morphology

Figure 5.22 shows that these differences also appear in B/T. Late-type galaxies with TType > 3 (blue) tend to have smaller B/T values; ours tend to be peaked around B/T ∼ 0.1
whereas S11 shows a much broader distribution. In addition, S11 find that S0s (orange)

and Es (magenta) have almost the same B/T distributions, whereas our Es are clearly offset
to larger B/T compared to S0s. Finally, note that LTGs with 0 < T-Type < 3 (green) are
more like S0s than like T-Type > 3. These trends are found despite the fact that the fitted
B/T values played no role in the MDLM-VAC classifications.
To summarize, while there is general agreement that smaller B/T tends to imply a lower
n, and this is a function of morphological type, our analysis returns a much stronger dependence of B/T and n-bulge on morphological type than previous work. The correspondence
between photometric parameters and morphological classifications in Figures 5.15 – 5.19
gives us confidence in our results.

5.4.3

Morphology and PyMorph fits in other bandpasses

Although we have mainly shown results in the r-band, MPP-VAC also provides PyMorph
photometric parameters in the g- and i-bands. Note that the analysis in one band is
independent of that in another. In contrast, for NSA and S11, n is fit in r- and then forced
to be the same in all other bands. Figure 5.23 shows the ratio of the total g- and r-band
light (left) and size (right) as a function of morphology (blue, green, orange, and magenta
represent spirals with T-Type > 3 and 0 < T-Type < 3, S0s, and Es) for the objects
we flag as being single-components (top) and two-components (bottom). Recall that faint
LTGs and Es tend to be single-Sérsic, whereas for brighter LTGs and S0s the SerExp fit is
preferred.
The panels on the left are not color-magnitude relations in the conventional sense, as
they use the total light, rather than the light within the same aperture in both bands.
But they do show that the colors of LTGs with 0 < T-Type < 3 are more like S0s than
spirals with T-Type > 3. The panels on the right show that rg > rr as previously observed
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Figure 5.24: Top: Distribution of the Galaxy Zoo 2 (GZ2) probability PSmooth for objects
classified as E, S0, or LTG by our Deep Learning algorithm. Whereas objects with PSmooth < 0.6
are not contaminated by Es, a substantial fraction of objects with PSmooth > 0.6 are not Es.
Bottom: Same as top, but now for the GZ2 probability PDisk .
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(e.g. Bernardi et al. 2003; Roche et al. 2010), with the difference becoming larger at high
luminosities, independently of morphological type. Although we do not show it here, a weak
trend is also observed for the Sérsic index n, with high luminosity LTG and S0 galaxies
having slightly larger n in r- compared to g-band. No significant differences are observed
for the other parameters (e.g. B/T).

5.4.4

Comparison with Galaxy Zoo 2 morphologies

Before we move on to study correlations of spectroscopic quantities with morphology, it
is interesting to contrast our MDLM Deep Learning morphologies with those of the GZ2
provided by Willett et al. (2013). As a first test, we use the GZ2 probabilities PSmooth and
PDisk which are sometimes used as proxies for “early-type” (ETGs) and “late-type” (LTGs)
galaxies. Figure 5.24 shows the distribution of PSmooth and PDisk values for objects which
we classify as E, S0, 0 <T-Type< 3 and T-Type> 3. Notice that there are no Es with
PSmooth < 0.6 or PDisk > 0.3, so a ‘quasi-LTG’ sample selected to have small PSmooth or
large PDisk will not be contaminated by Es. On the other hand, a ‘quasi-ETG’ sample,
selected to have PSmooth > 0.6 or PDisk < 0.3, will be strongly contaminated (∼ 40%) by
objects we classify as LGTs (T-Type> 0).
To see if this reflects problems with the MDLM classification, we took the objects having
PSmooth > 0.6 and FLAG FIT = 1 and plotted the distribution of n for the subset classified
as E, S0, or LTG. For objects with PSmooth > 0.6 and FLAG FIT = 2 we did the same
for B/T instead of n. Figure 5.25 shows the results. There is clearly a large number of
objects with n < 2, which we classify as LTGs (T-Type> 0). Similarly, the objects which
MDLM classifies as LTGs tend to have smaller B/T values than Es. We believe this is
reasonable. Figure 5.26 shows a similar analysis of objects with PDisk < 0.3 and FLAG FIT
= 1 or 2: Once again, the objects classified as LTGs by MDLM have small n and small
B/T. A visual inspection of these objects shows that, even though they have PSmooth > 0.6
or PDisk < 0.3, they really are LTGs. Since neither n nor B/T played a role in determining
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Figure 5.25: Top: Distribution of Sersic n for Es, S0s and LTGs with GZ2 probability
PSmooth > 0.6 and FLAG FIT = 1. Objects with small n tend to be LTGs. Bottom: Distribution of B/T for Es, S0s and LTGs having PSmooth > 0.6 and FLAG FIT = 2. Objects with
small B/T tend to be LTGs.
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Figure 5.26: Same as previous figure, but for objects having GZ2 probability PDisk < 0.3.
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T-Type, PSmooth , or PDisk , we conclude that selecting Es based on our MDLM T-Type
classifications is much more robust than selecting on GZ2 PSmooth or PDisk ; conclusions
about Es that are based on PSmooth or PDisk should be treated with caution.

5.5

Spectroscopy, photometry, and morphology: Stellar angular momentum

In the previous section, we described how PyMorph photometry can be combined with
morphology. Here, we combine photometry, morphology, and spectroscopy to study the
stellar angular momentum in MaNGA galaxies.
The next series of figures show how the correlation between the spin parameter λe
defined by Emsellem et al. (2007), and ellipticity, ǫ ≡ 1 − b/a, depends on luminosity,
velocity dispersion, and morphological type. To do so, we measure
PN
i Fi |Vi |
i Rq
,
λe ≡ P
N
2 + σ2
V
R
F
i
i
i
i
i

(5.1)

where R, F , V and σ denote the circularized radius, flux, rotational velocity and velocity
dispersion of the i-th spaxel. The sum is over all N spaxels within elliptical isophotes, out
to the half-light radius (returned by Sérsic or SerExp fits, depending on FLAG FIT), which
we then PSF-correct following (Graham et al. 2018, hereafter G18). For the discussion
which follows, it is useful to also define
PN

2
i Fi σi
.
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N
i Fi
2

and

(5.2)

PN

Fi (Vi2 + σi2 )
= hV 2 ie + hσ 2 ie .
(5.3)
PN
i Fi
Finally, we use σe and Ve to denote the value of the dispersion and rotational speed at
2
hvrms
ie

≡

i

Re , respectively (σe2 is almost always smaller than hσ 2 ie , the light-weighted value of the
dispersion within Re ).
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Figure 5.27: Correlation between the spin parameter, λe , and ellipticity, ǫ = 1 − b/a, divided
by morphological type for galaxies brighter (top) and fainter (bottom) than M = −20. Galaxies
that are likely to be two-component systems are shown on the right, single-components in the
middle, and those that are equally likely to be either in the left. The estimates of the ellipticity ǫ
and absolute magnitude M are from the single component Sérsic fit for galaxies with FLAG FIT
= 1, while estimates from the SerExp fit are used for galaxies with FLAG FIT = 0 or = 2. In
each panel, magenta, orange, green and blue symbols show Es, S0s, and LTGs with T-Type
smaller and bigger than 3. The grey curve, same in each panel, shows the result of inserting
equation (14) of C16 with α = 0.15, δ = 0.7ǫintr and i = 90◦ (so ǫ = ǫintr ) in equation (18) of
C16. The small box in the lower left corner of each panel shows the region associated with ‘slow
rotators’; it is mainly populated by single-component Es (∼ 45% of Es are within the small
box).
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Figure 5.28: Correlation between λe and ǫ, as a function of morphological type and total
absolute magnitude. The estimates of the ellipticity ǫ and absolute magnitude M are from the
single component Sérsic fit for galaxies with FLAG FIT 1, while estimates from the SerExp fit
are used for galaxies with FLAG FIT = 0 or = 2. Smooth grey curves, same in each panel,
show the result of inserting equation (14) of C16 with α = 0.15, δ = 0.7ǫintr and i = 90◦ − j 20◦
with j = [0, 4] in equation (18) of C16. Dashed curves show lines of fixed ǫintr = 1 − 0.2j with
j = [0, 4]. Later morphological types tend to have larger λe . Whereas fainter LTGs have lower
λe (bottom right), the trend with luminosity is opposite for Es (upper left). Indeed, luminous
Es dominate at small λe and ǫ, whereas luminous LTGs dominate at large λe .
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Figure 5.29: Same as previous figure, but now as a function of rotational velocity Ve on the
scale Re . Galaxies with the largest Ve have larger λe as T-Type increases.
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Figure 5.30: Same as previous figure, but now as a function of σe , the velocity dispersion at
(not within) the scale Re . The typical σe decreases as T-Type increases.
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We use the estimates of stellar rotational velocity and velocity dispersion from the
MaNGA 3D kinematics maps (Westfall et al. 2019, in preparation). In practice, we only
include in the sum spaxels having S/N>5 (although increasing the cut to S/N>8 or 10 makes
no significant difference for the λe -related results which follow), STELLAR VEL MASK=0
and STELLAR SIGMA MASK=0. The velocity dispersion σi is corrected for instrumental
resolution. (To account for the difference in resolution between the MILES templates and
the MaNGA data, the STELLAR SIGMACORR values must be subtracted in quadrature
from STELLAR SIGMA (Westfall et al. 2018, in preparation): i.e.
σi2 = STELLAR SIGMA2i − STELLAR SIGMACORR2i ,

(5.4)

with median(STELLAR SIGMACORR) ∼ 32 kms−1 . For the spaxels where STELLAR SIGMA

< STELLAR SIGMACORR. we simply set σi = 0 kms−1 . Setting σi for these spaxels to
be as large as 20 kms−1 makes little difference to the results which follow.)
Figure 5.27 shows results for galaxies that are brighter (top) and fainter (bottom) than
M = −20. From right to left, the three panels are for galaxies classified as two-component
systems (FLAG FIT = 2), single (FLAG FIT = 1), or either (FLAG FIT = 0), respectively.

In each panel, magenta, orange, green and blue symbols show Es, S0s, and LTGs having
0 ≤ T − Type < 3 and T − Type > 3. The grey curve, same in each panel, shows the result

of inserting equation (14) of Cappellari (2016, hereafter C16) with α = 0.15, δ = 0.7ǫintr and
i = 90◦ (so ǫ = ǫintr ) in equation (18) of C16. It represents a galaxy viewed edge on with
velocity anisotropy parameter δ, and the curve serves mainly to guide the eye. The small
box in the lower left corner of each panel shows the region associated with ‘slow rotators’
(equation 19 of C16).
The vast majority of Es appear in the upper middle panel: luminous single-component
Es account for most of the ‘slow rotators’. S0s and LTGs with 0 < T-Type < 3 tend to
have FLAG FIT = 2, and almost the same distribution in all the panels, with the LTGs
having slightly larger λe . In contrast, objects with T-Type > 3 tend to have the largest λe ,
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if they are luminous. Faint LTGs with T-Type > 3 tend to be single component systems
(see also Figure 5.17 and Table 5.4).
In general, our results are consistent with the analysis of G18, but there are a few
important differences due to improvements in the spectral resolution estimate between the
SDSS-DR14 and DR15 reductions (equation 5.4 – see Westfall et al. 2018 in preparation
for details), and in the morphological classifications. For example, the left hand panel of
Figure 8 in G18 shows many more objects with λe > 0.8 than we find. The difference is
most pronounced at ǫ < 0.2, where we have almost no objects with λe > 0.8 (our results
are in better agreement with those of Lee et al. 2018). Another striking difference is seen
in the distribution of S0s and spirals: the top right corner of our λe − ǫ plane is dominated

by spirals (this is more evident in Figure 5.28); the top right corner of G18’s Figure 8
is dominated by S0s. In addition, for us, the lower right corner is dominated by lower
luminosity LTGs – the majority with FLAG FIT = 1 (bottom middle panel).
Figure 9 of G18 shows that the mean stellar mass of galaxies in a bin of λe and ǫ is

approximately proportional to λe + ǫ, with larger luminosities having smaller λe + ǫ. We
do not see this. To explore this further, Figure 5.28 shows the distribution in the λe − ǫ

plane for fixed morphological type, further subdivided by luminosity. The estimates of the
ellipticity ǫ and absolute magnitude M are from the single component Sérsic fit for galaxies
with FLAG FIT = 0 or = 1, while estimates from the SerExp fit are used for galaxies with
FLAG FIT = 2. To ease comparison between panels, the smooth grey curves, same in each
panel, show the result of inserting equation (14) of C16 with α = 0.15, δ = 0.7ǫintr and
i = 90◦ − j 20◦ with j = [0, 4] in equation (18) of C16. Dashed curves (same in all but top

left panel) show lines of fixed ǫintr = 1 − 0.2j with j = [0, 4].

The first point to note is that the upper most black dashed line shows the ǫintr = 1 limit:

there should be no galaxies with small (observed) ǫ and large λe , and indeed, we see none.
Second, the upper envelope of the distribution increases systematically with increasing TType (compare different panels), consistent with the expectation that later types are more
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rotationally supported. This clear and reasonable trend with morphology is not evident
in G18. Third, the top left panel shows that the most luminous Es are slow rotators, and
fainter Es have larger λe . While this is consistent with G18, the upper envelope in λe for
the faster rotating Es is similar to that for S0s: in contrast, for G18, S0s can have very
large λe . Finally, the luminosity dependence (which is evident for Es) is absent or inverted
for S0s and LTGs with 0 < T-Type < 3, and is clearly inverted for LTGs with T-Type > 3.
We have also colored objects by their rotation speed Ve (Figure 5.29) or velocity dispersion σe (Figure 5.30). We use σe , the velocity dispersion on the scale Re , rather than
2 i , which was used by the SAURON and Atlas3D colhσ 2 ie (which is rarely used) or hvrms
e

laborations (Cappellari et al. 2006). The top left panel of Figure 5.29 shows that the Es
that are slow rotators have small Ve ; the corresponding panel in Figure 5.30 shows they also
have large σe . I.e., λe is small both because the numerator in equation (5.1) is small and
because the denominator is large. From S0s to LTGs, the objects with the largest rotation
speeds, Ve ∼ 160 km s−1 , have λe increasing with T-Type because the velocity dispersion

σe is decreasing. (In this context, notice that the fraction of S0s with small σe < 80 kms−1

is much lower than for objects having 0 <T-Type< 3. The morphological dependence is
stronger than for the central σ0 shown in Figure 5.18, but this is not unexpected, since Figure 5.22 shows that S0s have larger B/T.) Finally, the objects in the bottom right corner of
the T-Type > 3 panel have small Ve and small σe . Noise and resolution effects mean that
λe for these objects may be biased. Note, however, that they approximately overlap the
objects with 60 < σe < 80 km s−1 , which we believe are reliable.
The tendency for σe to decrease systematically as T-Type increases (compare typical
colors in the panels of Figure 5.30) is remarkable, as neither Ve nor σe played any role in
the morphological classification.
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5.6

Conclusions

We presented the contents of MPP-VAC – the PyMorph Ser and SerExp photometric structural parameters of MaNGA galaxies in the g, r, and i bands (Table 5.1) – and its sister
catalog MDLM-VAC (Table 5.3), which provides Deep-Learning derived morphologies for
the SDSS-DR15 MaNGA sample.
Each object in MPP-VAC has a flag, FLAG FIT, which indicates the preferred set of
photometric parameters that should be used for unbiased scientific analyses. We showed
that the parameters from a single-Sérsic fit are in good agreement with those in the NSA
(Figure 5.11). However our estimates, and those of the NSA, differ more significantly from
those of S11. Discussion in the recent literature suggests our estimates are more reliable because they include a more careful treatment of the background sky level. For two-component
fits, we were only able to compare our SerExp parameters with S11 (Figure 5.13) because the
NSA catalog does not provide two-component fits. Our DR15 SerExp photometry returns
slightly less light, smaller sizes, smaller n-bulge, and smaller B/T. Most of these differences
are driven by the relatively large offset in n.
Section 5.4.4 argued that the morphological classifications from our MDLM-VAC (Section 5.3.2) are more accurate to those from the GZ2, especially for selecting “early-type”
galaxies. While a “late-type” sample selected to have small GZ2 PSmooth or large GZ2 PDisk
will not be contaminated by Es, an “early-type” sample, selected to have GZ2 PSmooth > 0.6
or GZ2 PDisk < 0.3, will be strongly contaminated (∼ 40%) by objects we classify as LTGs
(T-Type> 0) (Figure 5.24–5.26). In addition, we discuss how the MDLM-VAC parameters can be used to divide “early-type” galaxies into Es and S0s (see Figures 5.15 – 5.19).
Our results suggest that S0s appear to be transition objects, consistent with recent work
suggesting that S0s are fading spirals.
As a simple illustration of the analysis which MPP-VAC enables, we combined it with the
MDLM-VAC (Section 5.4). We showed that the parameters returned by our two-component
fits (e.g. bulge-total light ratio, bulge Sérsic index) exhibit interesting correlations with
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morphological type – correlations which are absent in previous work (e.g. S11). For example,
while it is known that single-Sérsic fits to late-type and early-type galaxies are likely to
return Sérsic indices of n ≤ 2 and ≥ 4, some literature suggests that there is little correlation

between the Sérsic index of the bulge component and the morphology of these galaxies
(Figures 5.21 – 5.22). We find a correlation, despite the fact that MPP-VAC photometry
and MDLM-VAC morphological determinations were performed independently.
As another example, Section 5.5 presented a simple analysis of the angular momentum
of MaNGA galaxies. This combines the photometric information in MPP-VAC and the morphological classifications in MDLM-VAC with independent spatially resolved spectroscopic
information provided by MaNGA IFUs. We again find strong correlations with morphology (Figure 5.28) which were not present in previous work (e.g. G18). We also find λe
(equation 5.1) is more strongly correlated with rotation speed at the half-light radius than
it is with the velocity dispersion on this scale (Figures 5.29 and 5.30). There is a strong
tendency for σe to decrease systematically as T-Type increases (Figure 5.30). In addition,
for Es, λe decreases as the velocity dispersion σe increases. In general, galaxies with LTGs
with T-Type > 3 have σe < 80 kms−1 .
All the observed trends discussed in this paper between stellar kinematics, photometric
properties, and morphological type are impressive given that the PyMorph parameters, the
MDLM-VAC classifications and the spatially resolved spectroscopic parameters are totally
independent estimates.
The MPP-VAC and its sister catalog MDLM-VAC are part of SDSS-DR15 and are
available online from the SDSS IV website (DR15 release). We expect the parameters
provided in MPP-VAC and MDLM-VAC to enable a wide variety of analyses.
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Chapter 6

6.1

Stellar Mass Estimates

The MaNGA PyMorph Photometric Catalog is a great tool for use. As stated in the
introduction, a main goal of this work is to estimate the stellar mass via M∗ /L × L which
means that L must be measured well. If L is not measured well, particularly at the massive

end, this can have large effects on the estimate of M∗ . This is shown in Figure 6.1 where at
the very massive end, there is a large spread of estimated M∗ due to different measurements
of L by different groups. It is very important to constrain the high mass end of the stellar
mass function because as it is very relevant predictions of galaxy formation models. The
discrepancy between data and models was reduced in the middle of the 2000s when AGN
feedback processes, which heat up the gas and reduce star formation, were included in the
models.
To achieve an accurate measure of L, one has to accurately measure, and account for,
the sky background value. Arguably, this has been done by PyMorph. For this, catalogs
like Meert et al. (2015), Meert et al. (2016), and the MPP catalog (i.e. the photometric
catalog from Chapter 5) should be used.
There are two main approaches to determining the stellar mass of a galaxy. The first is
stellar population synthesis libraries (SP; e.g. Bruzual and Charlot 2003; Conroy and Gunn
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2010; Maraston 2005, Vazdekis2010, Maraston2011) to fit observed data. The second is the
dynamical estimate, M∗dyn .

6.1.1

Stellar Population Synthesis Mass Estimate and Galaxy IMF

Determining M∗SP /L requires assumptions to be made about galaxy age, metal enrichment,
star formation history, dust content, and so on. However, one of the larger systematics
at play is the determination of the IMF. As previously described in the introduction, the
most common IMFs are the Salpeter and Chabrier (Salpeter 1955 and Chabrier 2003).
Additionally as mentioned previously, the Salpeter IMF generally includes more low-mass
stars than the Chabrier IMF.
Looking at Figure 6.2 and Figure 6.3, it can be seen that with the assumptions made
about the SP, there are variations in estimated mass, within even a constant IMF. In part
this is because there are degeneracies that can be a part of determining M/L from SP.
The current work has estimated Φ(M∗ ) with the assumption that the IMF is constant
across the population. This assumption is not physically motivated but rather an assumption made out of convenience. In fact, some recent observations suggest that the IMF is not
constant across a population, let alone across a galaxy (La Barbera et al. 2017; Lyubenova
et al. 2016; van Dokkum et al. 2017). Knowing the proper IMF, or more likely, IMF gradient
can give better measurements to Φ(M∗ ).

6.1.2

Dynamical Mass Estimate

The velocity dispersion of a galaxy can be used to determine galaxy mass via the viral
theorem; this is referred to as the dynamical mass, M∗dyn . Therefore, since M∗SP is expected
to be a function of the IMF, it can be assumed that also M∗dyn depends on the IMF. In
Figure 6.5 (left), this is shown in terms of the central velocity dispersion.
The IMF of a galaxy is a function of star formation history. A proxy for stellar formation
duration of a galaxy is the magnesium to iron abundance, [Mg/Fe], (see Kriek et al. 2016;
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Figure 6.1: A variety of stellar mass functions are shown. The difference in these stellar mass
functions points out that for the most luminous galaxies, the choice of luminosity matters. This
can greatly effect the mass of a galaxy, particularly at the very bright (massive) end. It should
be noted that these stellar mass functions assume a constant Chabrier IMF. This is Figure 4
from Bernardi et al. (2013).
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Figure 6.2: Difference in stellar mass functions based on assumptions made about the SP.
Here we can see that the choice of parameters within an IMF matters greatly, even when L is
kept constant for each survey. For this, all mass functions are normalized to a Chabrier IMF.
This is Figure 14 from Bernardi et al. (2017a) showing the
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Figure 6.3: This is similar to Figure 6.2 but instead the effect of bursts within the SP are
shown along with again showing how the choice of L matters. This is Figure 16 from Bernardi
et al. (2017a)
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Figure 6.4: Comparison of galaxy stellar mass functions from simulations as well as the mass
function for massive galaxies from Bernardi et al. (2013). This is Figure 4 from Naab and
Ostriker (2017).
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Figure 6.5: IMF correlates with galaxy properties. Here specifically, central velocity dispersion
(left) and magnesium to iron abundance ([Mg/Fe]; right), which are known IMF-related features.
Here the IMF is compared with the Milky Way IMF as a means of comparison against a
“universal” IMF for 38 ETGs. This is Figure 5 from Conroy and van Dokkum (2012).
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Conroy and van Dokkum 2012). This is a way to determine the enrichment of a galaxy by
core collapse and type Ia supernovae. As such, this can be correlated with the IMF of a
galaxy, see Figure 6.5, right-hand plot.
Figure 6.5 shows that IMF correlates to σ (central velocity dispersion) and α-enhancement.
For greater σ and greater α-enhancement, the IMF becomes “bottom-heavy” (Conroy and
van Dokkum 2012). This result has been found in other groups such as La Barbera et al.
(2013); Lyubenova et al. (2016); Lagattuta et al. (2017), though the work of Smith and
Lucey (2013), Smith et al. (2015), and Clauwens et al. (2015) disagrees.
The work of Bernardi et al. (2010) showed a simple estimate of Φ(M∗ ) for which the
IMF was assumed to be dependent on morphological type: Salpeter for early types, and
more Chabrier-like for later types. This is found in Figure 6.6. This plot also shows that the
estimate of Φ(M∗ ) starts to look similar to Φ(M dyn ). However, the work by Li et al. (2017)
suggests that the IMF varies across galaxy populations even when the morphological type
is fixed, see Figure 6.7. Not only has this been shown in the context of morphological types,
but also based on gravity-sensitive features in the spectrum (Conroy and van Dokkum 2012;
La Barbera et al. 2013; Lagattuta et al. 2017; Lyubenova et al. 2016; Spiniello et al. 2014)
and then others based on gravitational lensing and stellar dynamics (Auger et al. 2010;
Barnabè et al. 2013; Cappellari et al. 2012, 2013; Posacki et al. 2015; Spiniello et al. 2012;
Thomas et al. 2011).

6.1.3

Dynamical Mass Estimates and Comparison with Stellar Population Mass Estimates

Most galaxies are made of luminous (e.g. stars) and dark matter. Luminous matter dominates at small radii while dark matter dominates at larger radii. Measurements in σ(r)
that have been predicted by the luminous matter (Binney and Mamon 1982; Prugniel and
Simien 1997) tend to fall off more steeply than what is actually observed (Jorgensen et al.
1995). The difference in this predicted versus observed σ(r) is attributed to dark matter,
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Figure 6.6: Estimates of Φ(M∗ ) if the IMF used is assumed to be dependent on morphological
types of galaxies. In this case, Salpeter was used for early types and more Chabrier-like for
later types. This is Figure 25 from Bernardi et al. (2010).
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Figure 6.7: Here αIMF is the ratio of M∗ /L for when the IMF is allowed to vary versus when
it is fixed to a Salpeter IMF. The αIMF parameter correlates with velocity dispersion, σ. What
is interesting is that spiral galaxies favor a more Chabrier-like IMF whereas ellipticals favor
a more Salpeter-like IMF. Though, there still is variation across morphological types. This is
Figure 4 (top plot) from Li et al. (2017).
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Figure 6.8: Left: This is a comparison of the Jeans-based estimate of M∗dyn to the stellar
population based estimate M∗SP for E+S0 galaxies as a function of velocity dispersion within
Re . This is at a fixed Chabrier IMF. The red solid and dashed lines show the σe -binned SDSS
data with the dashed lines enclosing ∼68% of the galaxies in each bin. The green and magenta
lines show the relations from Li et al. (2017) on their analysis of MaNGA galaxies. The brown
line shows the ATLAS3D scaling. The black circles are from Conroy and van Dokkum (2012).
Right: By accounting for σ-dependent IMF variations, the comparison between M∗dyn and
M∗SP can be considered again, but this time M∗SP has been transformed into M∗SP −αJAM .
This is Figure 2 from Bernardi et al. (2018b).
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Figure 6.9: Stellar mass function is plotted comparing M∗SP (blue), M∗dyn (dashed black), and
the σ-dependent IMF correction of M∗SP , M∗JAM which is M∗SP −αJAM (red). This is a more
simplified version of the top figure from Figure 5 in Bernardi et al. (2018a).
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which again, increasingly dominates at larger r. In both cases, M∗dyn is not dependent on
SP, and is viewed as less impacted by the details of M∗SP .
It is assumed that M∗dyn /L is constant across a galaxy. This would indicate that the
observed light profile shape can be used as an indicator of the mass profile. The dynamical
mass can be estimated by setting M∗dyn = 5Re σ 2 /G where Re is actually Re,deV , the half
light radius from the de Vaucouleurs profile. The work in this dissertation as well as others
have shown that Re is light-profile model dependent. Additionally, the work of Prugniel
and Simien (1997) has suggested that this definition of M∗dyn is not well reasoned.
Instead, M∗dyn can be determined via the relation, M∗dyn = kn Re σ 2 /G. Here, Re and
the constant of proportionality (kn ) are dependent on the light profile. Using the Jeans
equation the velocity dispersion profile can be determined and the profile can be matched
to the observed σ. If a profile of σ(r) is available with spatially resolved spectroscopy, this
allows more models to be constrained and over a range of scales.
Crudely, M∗dyn is determined as follows: σ 2 (r) ∼

GMtot (<r)
r

∼

GM∗dyn (<r)
r

∼

G(M∗dyn /L)L(<r)
.
r

In this scenario, M∗dyn is determined independently of the SP model by matching σ, see
Figure 6.11. This is because in the very inner regions of a galaxy, baryonic matter is assumed to dominate; in this case, the only mass that matters is assumed to be the stellar
mass.
At this point, it is interesting to compare M∗dyn to M∗SP again in which the corrections
on the surface brightness profiles and IMF can be placed on each mass estimate, respectively. This can be found in Figure 6.8. The stellar mass corrected for the dependence on
IMF is called M∗SP −αJAM . The left side shows the comparison without these corrections
implemented, while the right side shows how well these two mass estimates agree after.
Figure 6.9 shows how the mass functions now agree in that Φ(M∗SP −αJAM ) (dashed black)
is now consistent with Φ(M∗dyn ) (red).
The IMF-corrected M∗SP −αJAM values in this work required spatially resolved spectra
for σ(r) profiles. Because spatially resolved spectroscopy is prohibitively expensive for large

170

6.1 Stellar Mass Estimates

Figure 6.10: M∗SP /L as a function of distance out from the center is plotted for six galaxies.
This is plotted for a fixed Chabrier IMF on the left and for an IMF that is allowed to vary as
a function of radius out on the right. This is Figure 10 from van Dokkum et al. (2017).

galaxy samples, specifically for the highest mass galaxies, this can prove problematic.
This correction could instead be done on a small subset of galaxies to estimate the
IMF features and σ. A correction factor for the IMF can be calibrated based on this
small subsample. Then using Sersic-based measurements of n, Re , and L from photometric
measurements of galaxies, one can calibrate the correction factor using a Fundamental
Plane proxy for σ. Using this method, if high signal to noise spatially resolved spectra is
not available for a galaxy, one can still determine the IMF variations.

6.1.4

IMF Gradients within Galaxies

The stellar mass to light ratio is given by the term Υ∗ . It has been assumed that Υ∗ is
constant within a galaxy. Galaxies are known to have gradients in color and absorption line
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strengths indicate age and metallicity gradients within a galaxy. In terms of SP modeling,
the gradients tend to increase the SP estimate of Υ∗ in the central regions. For a fixed IMF,
this would mean there is a variation of Υ∗ within a galaxy.
Recent work has suggested that IMF varies within a galaxy, specifically that the IMF
is more Salpeter in the center than it is beyond the half-light radius. This effect actually
increases the gradient of Υ∗ . Figure 6.10 shows that when the IMF is allowed to vary as
a function of radius (right-hand plot), the IMF gradient is much stronger and the effect of
the gradient increases by a factor of 3 compared to the left-hand plot. This means that the
IMF gradients are a dominate contribution to Υ∗ gradients.
There is a need to calibrate for M∗dyn based on the IMF gradients. As kn is a function
of the light profile, this calibration is also a function of n. By accounting for IMF gradients
as found in Figure 6.12, M∗dyn decreases by a factor of two. This is dependent on gradient
strength.
Now looking at the effect of these gradients, Figure 6.13 produces a gradient that is
driven by a change from a Salpeter IMF in the inner regions of a galaxy to Chabrier outside
of 0.4Re . This brings Φ(M∗SP ) and Φ(M∗dyn ) into agreement by reducing M∗dyn estimates.
While the approach of van Dokkum et al. (2017) is based on only six galaxies, the effect
of IMF gradients is still found in work by Parikh et al. (2018). This study includes a much
larger sample of galaxies from the MaNGA survey. While Parikh et al.’s gradients are
weaker at smaller masses than van Dokkum et al.’s, they are still large enough to not be
ignored.
The gradients in Figure 6.14 are too strong. The mass estimates of M∗dyn (M/L var)
and M∗SP −varIM F in 6.13 start to resemble more the M∗SP −Chab estimate, though they are
still slightly larger. This agreement with M∗SP −Chab is achieved by decreasing M∗dyn . This
means that ignoring gradients leads to an overestimation of M∗dyn .
With smaller M∗dyn estimates comes the need for dark matter to play a more dominate
role than previously thought. This impacts the amount of adiabatic contraction dark matter
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Figure 6.11: Gradients in M∗SP /L (i.e. Υ∗ ) effect M∗dyn and M∗SP . The blue circles represent
the measured velocity dispersion, σ. The lower dotted red curve shows the predicted shape
for a fixed IMF (e.g. Chabrier 2003) and a constant mass-to-light ratio; upper solid red curve
shows the M∗SP /L that is required for this shape to fit the observed σ 2 on small scales. The
discrepancy between the solid red curve and the blue circles on larger scales (dashed red curve)
is attributed to dark matter. Black solid and dashed curves show the corresponding results if
M∗SP /L if an IMF-gradient is used. In this IMF-gradient case, as the stellar mass is now more
centrally concentrated, the associated velocity dispersion falls more steeply from the center, so
that more dark matter is needed within Re to explain why the observed σ 2 is relatively flat.
This is Figure 1 from Bernardi et al. (2018a).
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Figure 6.12: M∗dyn needs to be calibrated based on the IMF gradient used. This is Figure 3
in Bernardi et al. (2018a).
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Figure 6.13: Difference in stellar mass functions as compared to the SP-Chabrier stellar
mass function. The comparisons with the SP-Chabrier stellar mass functions are as follows;
SP-Chabrier is in blue, the SP including variable IMF is in red, the dynamical estimate with
constant M/L is in the dashed teal, and the dynamical estimate with an intermediate strength
M/L gradient is in the dashed purple. This intermediate gradient strength lets the IMF vary
in which the IMF in the central regions cannot become arbitrarily bottom heavy, but is capped
at a Salpeter IMF. This is the middle plot of Figure 6 in Bernardi et al. (2018a).
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Figure 6.14: This plot is the same as Figure 6.13 but instead the dynamical estimate with a
gradient in M/L included is that of the gradient strength from the right-hand Figure 10 plot
from van Dokkum et al. (2017) in pink (see Figure 6.10, right hand side). This is the bottom
plot of Figure 6 in Bernardi et al. (2018a).
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Figure 6.15: Left: S/N of 142 E+S0 galaxies with similar size, luminosity, and σ and with
central S/N greater than 80. The S/N is measured as a function of Re . Right:Stacked Spectra
of these 142 galaxies with lick indices of bTiO, Hβ , and Mgb highlighted as these are indicators
of IMF, age, and metallicity, respectively.

in dark matter halos. This is because in this adiabatic contraction, baryons cooled and
formed stars in their centers (Newman et al. 2015; Shankar et al. 2018, 2017).

6.2
6.2.1

Future Work and Conclusions
More on Masses

To disentangle the effect of age, metallicity, α-enhancement, and IMF variations, among and
within galaxy populations, we need to have very accurate measurements of the absorption
line strength. For this, the spectra of galaxies with similar properties within the MaNGA
sample can be stacked together to reach a high S/N.
In Figure 6.15 the left hand side shows the stacked spectra of 142 E+S0 galaxies with a
central σ S/N greater than 80. On the right hand side, there is an example of the stacked
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Figure 6.16: The line-strengths of the stellar population are plotted for the composite galaxy
in black stars. bTiO is IMF-sensitive and [Mg/Fe] is generally a measure of metallicity though
it is also age-sensitive.

spectra at each concentric radii out from the center in terms of Re . For these stacked spectra,
or composite galaxies, there are a couple of requirements. These composite galaxies must
have similar luminosities, similar σ, and similar size. All of this is to get a S/N for the
spectra high enough to get lick indices for these galaxies.
Figure 6.16 shows line-strength diagnostics of the stellar population. These are plotted
for different models at ages 3 and 10 Gyrs (the blue and red lines, respectively) for the
Salpeter or Kroupa IMF (the solid and dashed lines, respectively). The black stars show
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the line strengths for the stacked spectra of the 142 E+S0 galaxies at different R/Re . In this
composite galaxy, a gradient in IMF is shown in which the inner regions of the composite
galaxy fit a Salpeter IMF while the outer regions fit more of a Kroupa IMF. The solid and
dashed lines show that IMF differences also vary with the age of the stellar population.

6.2.2

Moving Forward with Surface Brightness Profiles: A Step into Deep
Learning

With the onset of future surveys like LSST and even DES, the number of galaxies is too large
than can be fit with a code like PyMorph in a reasonable amount of time. But catalogs
like the Meert catalog and the MaNGA photometric catalog still need to be made. An
interesting movement forward in this large dataset era is the movement into Deep Learning.
This has briefly been talked about in this dissertation for the MaNGA Deep Learning Morphological catalog. The use of convolutional neural networks to determine galaxy
morphology is an incredible and fast way to create morphological catalogs.
Additionally, deep learning can be used to fit the surface brightness profiles of galaxies,
though one caveat is that these galaxies need to be nearby to have proper resolution.
The MaNGA PyMorph Photometric took a lot of pain-staking time to perform all of the
necessary eye-balling and re-fitting. But by combining a well performing catalog such as
the one described in this dissertation, along with the MDLM, as correlations with n and
morphology show, a faster technique with deep learning is possible.
In fact, the work of Tuccillo et al. (2018) has done just that for single-Sérsic fitting on
the HST /CANDELS F160W filter with their algorithm, Deep Learning Galaxy Analysis
Tool (DeepLeGAT o). This fitting again uses convolutional neural networks that are first
trained on simulated galaxies. These results are compared with GALFIT (a component and
fitting tool of PyMorph) and show that it can perform well on galaxies without too many
neighbors. Additionally, the fitting is incredibly fast in that DeepLeGAT o is ∼ 3000 faster

on a GPU than GALFIT.
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6.2.3

Final Conclusions

This work built off of the work done by Alan Meert (see Meert et al. 2013, 2015, 2016)
in utilizing PyMorph to determine surface brightness profiles of galaxies and determining
their photometric properties such as magnitude, size, and n. What was first shown was
that even with SDSS pipeline changes, specifically from SDSS-II to SDSS-III+, PyMorph
is still valid. This was described in detail in Chapter 3.
Chapter 3 addresses that it has been known that the luminosities of galaxies in SDSS are
significantly larger that those reported by SDSS. This has been known for some time and
the Meert Catalog has addressed this. But building off, the work in this chapter explains
that this is a combination of three effects.
First, PyMorph integrates out to infinity in its surface brightness fitting where as SDSS
integrates out to a more defined scale. This generally gives a difference of about ≤ 0.1 mag,

even for the most luminous galaxies. PyMorph sky estimates are in excellent agreement
with the estimates of Blanton et al. (2011).

Second, the known background sky issue is still an issue in SDSS-III. PyMorph better
estimates the sky background for a better estimate overall of the photometric properties.
The effect of this sky bias is worse for the most luminous galaxies.
The third effect comes from the fit of the galaxy. PyMorph can perform one- and twocomponent deVaucouleurs or Sérsic based models. When PyMorph sky values are used, then
two-component Sérsic-exponential fits to E+S0s return more light than single component
deVaucouleurs fits (up to ∼ 0.2 mag), but less light than single Sérsic fits (∼ 0.1 mag)

From there, it was important to check that intracluster light, or ICL was not a factor

in these PyMorph measurements which is described in detail in Chapter 4. The reasoning
for this is that the most luminous galaxies live in or at the center of clusters. Because these
clusters are known to posses ICL, it is important to check if the PyMorph based photometry
includes this or not. It is also important to check if this is a reason why SDSS magnitude
(cModel or Model) are fainter because they include this ICL component.
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Since ICL drops off from the center of clusters, those galaxies closer to the center would
be the ones most effected by the potential inclusion of this light. Additionally, for less
massive groups the effect of the ICL is expected to be smaller. This means that the comparison in magnitudes between PyMorph and SDSS would depend on whether the galaxy
is a central or satellite as well as dependance on cluster mass.
What followed was that for the majority of galaxies, with the biases in sky accounted
for in SDSS, the magnitude difference between SDSS-PyMorph does not depend on if the
galaxy is a central or a satellite even with variance on cluster mass.
Lastly, the final bulk of work in this dissertation is found in Chapter 5. Since PyMorph
measurements should be used over SDSS pipeline values, it was deemed prudent to create
a catalog of PyMorph photometric measurements for the SDSS-IV MaNGA survey galaxies
along with a sister catalog of Deep Learning determined morphological classifications for
these galaxies.
The photometric catalog provides parameters from Sérsic and Sérsic+Exponential fits.
This PyMorph sample includes better PyMorph values because of three reasons. First, the
most recent SDSS images have been used with the current best reduction. Second, all fits
to each galaxy in the g, r, and i band and for each fit were eye-balled and re-fit if necessary
for reliability. Third, a modified criteria for determining bulge-to-disk decompositions was
used to re-fit these galaxies such that for each galaxy, the data was fit to a model that was
not solely based on a χ2 -minimization, but rather focused on the physical reliability of the
bulge and disk of a galaxy (for a two component fit). The photometric catalog also provides
a flag fit which allows the user to know if a certain fit is preferential to the galaxy.
The photometric catalog was compared with Simard et al. (2011) and NSA catalogs.
It was shown that the parameters from a single-Sérsic fit agree well to those in the NSA
catalog. However, both the catalog created in this dissertation, along with the NSA catalog
differ more significantly from those in the catalog provided by Simard et al. (2011). This
is more due to background sky level differences. For the two-component fits, SerExp, the
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only comparison could be done with the catalog of Simard et al. (2011). It is known that
single-Sérsic fits to late-type and early-type galaxies are likely to return Sérsic indices of
n ≤ 2 and ≥ 4, some literature (e.g. Simard et al. 2011) suggests that there is little

correlation between the Sérsic index of the bulge component and the morphology of these
galaxies. A correlation is found, despite the fact that MPP-VAC photometry and MDLMVAC morphological determinations were performed independently.
The companion morphological catalog provides Deep Learning-based morphological classifications of the current set of MaNGA galaxies as well. Here, the classification was determined by a series of Galaxy Zoo-like questions (e.g., edge-on galaxies, bar features, merger
signatures, etc.) along with a T-Type. Additionally, a probability is included to deduce a
finer separation between elliptical (E) and S0 galaxies.
All the observed trends discussed in Chapter 5 between stellar kinematics, photometric

properties, and morphological type are impressive given that the PyMorph parameters, the
MDLM-VAC classifications and the spatially resolved spectroscopic parameters are totally
independent estimates.
What is the main take away from this work is that photometric measurements of galaxies
need to be carefully determined. Measurements taken without the careful consideration of
sky background and fitting technique will bias larger properties such as galaxy mass and
more largely models of galaxy formation and evolution.
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Abazajian, K. N., Adelman-McCarthy, J. K., Agüeros, M. A., Allam, S. S., Allende Prieto, C., An, D., Anderson, K. S. J.,
Anderson, S. F., et al. The Seventh Data Release of the
Sloan Digital Sky Survey. ApJS, 182:543–558 (2009). doi:
10.1088/0067-0049/182/2/543. 26, 33, 102

Bernardi, M., Meert, A., Sheth, R. K., Vikram, V., HuertasCompany, M., Mei, S., and Shankar, F. The massive end of
the luminosity and stellar mass functions: dependence on the
fit to the light profile. MNRAS, 436:697–704 (2013). doi:
10.1093/mnras/stt1607. xxxiii, 19, 33, 65, 67, 84, 95, 115,
160, 163

Abraham, R. G. Perspectives in Physical Morphology. ArXiv Astrophysics e-prints (1998). xiv, 3
Ahn, C. P., Alexandroff, R., Allende Prieto, C., Anderson, S. F.,
Anderton, T., Andrews, B. H., Aubourg, É., Bailey, S., et al.
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